Influence of nanoporosity on biological response of sol-gel-derived 70S30C bioactive glass monoliths by Thamma, Ukrit
Lehigh University
Lehigh Preserve
Theses and Dissertations
2017
Influence of nanoporosity on biological response of
sol-gel-derived 70S30C bioactive glass monoliths
Ukrit Thamma
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Biology and Biomimetic Materials Commons
This Dissertation is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Thamma, Ukrit, "Influence of nanoporosity on biological response of sol-gel-derived 70S30C bioactive glass monoliths" (2017). Theses
and Dissertations. 2968.
https://preserve.lehigh.edu/etd/2968
Influence of nanoporosity on biological response of  
sol-gel-derived 70S30C bioactive glass monoliths 
 
 
 
 
 
By 
 
Ukrit Thamma 
 
 
 
 
 
 
 
Presented to the Graduate and Research Committee 
of Lehigh University 
in the Candidacy for the Degree of  
Doctor of Philosophy 
 
 
 
 
In 
Materials Science and Engineering 
Lehigh University 
August 2017 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 Copyright 
Ukrit Thamma 
  
iii 
 
Certificate of Approval 
Approved and recommended for acceptance as a dissertation in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 
 
_______________________ 
Date 
 __________________________ 
 Professor Himanshu Jain 
  (Dissertation Director) 
_______________________ 
Accepted Date 
 Committee Members: 
 
 __________________________ 
 Professor Himanshu Jain 
 (Committee Chair) 
 
 __________________________ 
 Professor Matthias Falk 
 
 __________________________ 
 Professor Sabrina Jedlicka 
 
 __________________________ 
 Professor Dmitri Vezenov 
  
iv 
 
Acknowledgements 
I have been at Lehigh since Summer of 2007, and Lehigh, especially Materials 
Science and Engineering Department, to me had always been my home away from home. 
There are just too many wonderful people I would like to show my appreciation and 
gratitude towards, and still I would not be able to thank them enough.  
First of all, my advisor, Professor Himanshu Jain. I am not sure if he knows how 
much I have learned from him. Not only knowledge and experience that he had given me, 
but also excellent qualities as a person. He had shown me how to be a detail-oriented 
scientist and how to be a kind, patient teacher. He had always been supportive and open-
minded to my ideas during our many discussions, yet always honest and true to his 
opinions. I could not ask for a better role model in my academic life. I would like to 
thank my committee members, Professor Matthias Falk for introducing me into the world 
of cell biology, Professor Sabrina Jedlicka for sharing her knowledge and experience in 
tissue engineering field, Professor Dmitri Vezenov for helping me with my initia l AFM 
work and giving a critical review of my thesis.  
I am grateful to all professors in Materials Science and Engineering Department who 
had brought me up to an expert that I am throughout the years from my undergraduate 
level up until this point. Many thanks also go to our staffs in the department, Janie Carlin, 
Lisa Arechiga, Sue Stetler, Katrina Kraft, Samuel Lawrence, Sarah Wing, Mike Rex, and 
Suxing Wu. I would like to give my special thanks to William Mushock who always 
made time for me and helped me with SEM experiments. I would like to thank fellow 
graduate students and postdoctoral researchers from the department, both past and 
present, who had helped me throughout the years, Dr. Shaojie Wang, Dr. Chatree 
v 
 
Saiyasombat, Dr. Charlie McLaren, Sean McAnany, Dr. Hassan Moawad, Dr. William 
Heffner, and Dr. Animesh Kundu.  
Also, I am grateful to my fellow graduate students from Biology Science Department 
who had kept me sane when I was stepping out of my comfort zone as an engineer to the 
new world of cell biology, Charles Fisher and Dr. Rachel Kells. Especially, Dr. Tia 
Kowal who patiently walked me through every little step during my struggle in this new 
field of work, always willing to teach and answer all my unintelligent questions, and 
always have been to for me, in and out of the lab. Without her help and discussions, this 
work would not be possible.  
Last but not least, I would like to show my eternal gratitude to my parents, Pitak and 
Sumalee Thamma, and my grandparents, Utai and Adul Thamma for their endless love 
and support. They have set such strong examples for me to follow and make me who I am 
today, believed in me even when I did not believe in myself, always been there for me 
when I am halfway around the world from home.  
  
vi 
 
                                      Table of Contents 
 
Title Page……..………………………………………………..…………………………. i 
Certificate of Approval…..………………………………………………..…………...…iii 
Acknowledgements…………………………………………………………………….…iv 
Table of Contents…………………………………………………………………………vi 
List of Tables…………………………………………………………….………………..x 
List of Figures……………………………………………………………...……………..xi 
Abstract……………………………………………………………………………………1 
Chapter 1 - Introduction .......................................................3 
 
1.1 Bone tissues and conventional reparative strategies ..................................................3 
1.2 Evolution of biomaterials for bone repair ..................................................................6 
1.3 Bioactive glass scaffolds ............................................................................................9 
1.4 Nanoporosity in bioactive scaffolds.........................................................................12 
Chapter 2 - Research objectives .........................................20 
 
2.1 Fundamental challenges in nanoporous bioactive glass research ............................20 
2.2 Statement of objectives ............................................................................................21 
2.3 Dissertation outline ..................................................................................................22 
Chapter 3 - Experimental techniques .................................25 
 
3.1 Sol-gel process .........................................................................................................25 
3.1.1 Gelation .............................................................................................................26 
3.1.2 Aging.................................................................................................................29 
vii 
 
3.1.3 Drying ...............................................................................................................30 
3.1.4 Thermal stabilization and sintering...................................................................31 
3.2 Mercury intrusion porosimetry ................................................................................32 
3.3 Nitrogen adsorption porosimetry .............................................................................36 
3.3.1 Introduction .......................................................................................................36 
3.3.2 Surface area calculation by BET theory ...........................................................39 
3.3.3 Pore size distribution by BJH theory ................................................................40 
3.3.4 Experimental procedure ....................................................................................41 
3.4 Evaluation of in vitro MC3T3 cellular response......................................................42 
3.5 Characterization of absorbed proteins......................................................................44 
3.5.1 Western blot ......................................................................................................44 
3.5.2 Fourier transform infrared spectroscopy (FTIR) ..............................................49 
Chapter 4 - Fabrication of nanoporous glass monoliths ....61 
 
4.1. Introduction .............................................................................................................61 
4.2. Materials and methods ............................................................................................63 
4.2.1 Sol-gel casting...................................................................................................63 
4.2.2 Sol-gel powder-pressing ...................................................................................63 
4.2.3 Characterization techniques ..............................................................................64 
4.3. Challenges of sol-gel casting method .....................................................................65 
4.4. Homogenous, nanoporous glass monoliths via powder-pressing ...........................69 
4.5 Tailoring pore size and specific surface area in nanoporous glass monoliths .........73 
4.5.1 Tailoring nanoporosity by solvent exchange ....................................................73 
viii 
 
4.5.2 Tailoring nanoporosity by hydrothermal aging ................................................75 
4.5.3 Tailoring specific surface area by sintering ......................................................77 
4.6. Conclusions .............................................................................................................82 
Chapter 5 - Influence of nanopore size on hydroxyapatite 
formation and its microstructures ......................................86 
 
5.1. Introduction .............................................................................................................86 
5.2. Materials and methods ............................................................................................89 
5.3. Results .....................................................................................................................91 
5.3.1 XPS analysis of PBS-incubated nanoporous glass monoliths ..........................91 
5.3.2 ATR-FTIR analysis of PBS-incubated nanoporous glass monoliths..............103 
5.3.3 XRD analysis of PBS-incubated nanoporous glass monoliths .......................105 
5.3.4 Thickness and microstructure of PBS-incubated nanoporous glass monoliths
..................................................................................................................................107 
5.3.5 Ion concentration and pH of PBS solution before and after incubation .........110 
5.4. Discussion .............................................................................................................112 
5.4.1 Influence of nanopore size on HA/CHA formation pathway .........................112 
5.4.2 HA/CHA microstructure development ...........................................................122 
5.5. Conclusions ...........................................................................................................124 
Chapter 6 - In vitro evaluation of MC3T3-E1 pre-osteoblast 
response and characterization of protein adsorption on 
different hydroxyapatite microstructures .........................131 
 
6.1 Introduction ............................................................................................................131 
ix 
 
6.2 Materials and methods ...........................................................................................133 
6.2.1 Fabrication of various HA microstructures.....................................................133 
6.2.2 In vitro evaluation of MC3T3-E1 pre-osteoblast initial attachment ...............133 
6.2.3 Quantification of protein adsorption ...............................................................135 
6.2.4 Conformation characterization of adsorbed BSA on various HA/CHA 
microstructures by ATR-FTIR.................................................................................137 
6.3 Results ....................................................................................................................138 
6.3.1 Initial attachment of MC3T3-E1 on various HA/CHA microstructures.........138 
6.3.2 Quantification of protein adsorption by Western blot ....................................144 
6.3.3 Characterization of BSA conformation on various HA/CHA microstructures 
by ATR-FTIR...........................................................................................................151 
6.4 Discussion ..............................................................................................................161 
6.5 Conclusions ............................................................................................................166 
Chapter 7 – Summary and future directions ....................174 
 
7.1 Summary ................................................................................................................174 
7.2 Future directions ....................................................................................................177 
Vita…………………………………….……….……….180 
x 
 
List of Tables 
Table 3.1 Range of protein molecular weights and the suitable % concentration of 
acrylamide and bis-acrylamide for gel electrophoresis (from ref. [34]).  .......................... 47 
Table 4.1 Summary of processing conditions leading to various nanopore sizes with 
similar specific surface area. ............................................................................................. 80 
Table 5.1 Composition of hydroxyapatite (HA) layer formed on different nanopore sizes 
with similar specific surface area by XPS analysis.  ......................................................... 92 
Table 5.2 Summary of the binding energy and the corresponding peak assignment of 
detected elements at its core level for PBS-I ncubated samples with different nanopore 
sizes. ................................................................................................................................ 102 
Table 6.1 Summary of primary antibodies, secondary antibodies, purified proteins used in 
Western blot for quantification of protein adsorption. .................................................... 136 
Table 7.1 Overall summary of results presenting the influence of nanopore size on the 
HA formation, initial cell attachment, protein adsorption, and protein conformation.  .. 176 
 
  
xi 
 
List of Figures 
 
Figure 1.1 Cross-section representation of a long bone...................................................... 4 
Figure 1.2 Scanning electron micrographs (SEM) of TAMP scaffolds prepared by the  
sol-gel/PEO phase separation technique illustrating macropores (left) and nanopores 
(right). ............................................................................................................................... 12 
Figure 1.3 Histological results of 70S30C nano/macro porous TAMP scaffolds after in in 
vivo sub-cutaneous implantation on rabbits, showing penetration depth of cells at 0 days 
(yellow)  and 14 days (green) in (a) nanomacroporous 70S30C scaffold and (b) 
macroporous only  70S30C scaffold. ................................................................................ 13 
Figure 3.1 Schematic drawing of various sol-gel processing conditions and its 
corresponding final product. ............................................................................................. 26 
Figure 3.2 A diagram of growth and gel structure during gelation process as a function of 
pH...................................................................................................................................... 28 
Figure 3.3 A schematic representation showing the evolution of silica gel network during 
aging process for (a) acid-catalyzed, (b) base-catalyzed gels, and particulate silica gels 
under (c) high solubility and (d) low solubility of silica in water (from ref. [9]).  ............ 29 
Figure 3.4 Schematic drawing of mercury intrusion process. .......................................... 32 
Figure 3.5 Schematic drawing of mercury intrusion porosimetry as external pressure is 
applied. .............................................................................................................................. 34 
Figure 3.6 Illustration of narrow pore throat with radius of Rt and pore body with radius 
of Rb.................................................................................................................................. 35 
Figure 3.7 Schematic representation of nitrogen adsorption process. .............................. 37 
Figure 3.8 IUPAC classification of adsorption/desorption isotherms. ............................. 38 
xii 
 
Figure 3.9 The working principle of western blot. ........................................................... 45 
Figure 3.10 Schematic representation of immunostaining and chemiluminescence 
processes involving specific enzymatic detection of membrane-bound antigens. ........... 48 
Figure 3.11 Schematic representation of a Fourier transform infrared spectrometer. ...... 51 
Figure 3.12 Sampling techniques for FTIR: transmission for bulk measurements and 
reflectance for surface measurement................................................................................. 52 
Figure 3.13 Specular and diffuse reflection. ..................................................................... 53 
Figure 3.14 (a) Schematic drawing of an attenuated total reflectance (ATR) setup (from 
ref. [42]) (b) infrared light path through ATR crystal when the angle of incidence is 
greater than the critical, creating internal reflection and evanescent wave at the reflecting 
surface on top of the crystal. ............................................................................................. 54 
Figure 4.1 (a) %RH and temperature of various drying profiles (b) thermally stabilized 
samples dried with designated drying profiles (c) a representative drawing with cross-
sectional dimensions of a crack-free sample fabricated via sol-gel casting method. ....... 66 
Figure 4.2 (a) BSE-SEM micrograph and (b) EDS spectra corresponding to Region (1) 
and Region (2) of a cross-sectioned nanoporous scaffold fabricated by the sol-gel casting 
method............................................................................................................................... 68 
Figure 4.3 Light optical images of a nanoporous disk from (a) top view and (b) side view 
and SEM micrographs of nanoporous glass disks at (c) low magnification and (d) high 
magnification, depicting a dense, crack-free surface with nanoporosity.  ......................... 70 
Figure 4.4 SEM micrographs with Si and Ca elemental maps from (a) top view and (b) 
cross-sectional view with (c) corresponding EDS spectrum with average chemical 
composition of a nanoporous glass disk fabricated via powder-pressed method. ............ 72 
xiii 
 
Figure 4.5 Pore size distribution of nanoporous disks from mercury intrusion 
porosimetry. ...................................................................................................................... 72 
Figure 4.6 Nitrogen adsorption data of sol-gel glass aged at 40ºC without solvent 
exchange and with solvent exchange using 1M and 3M NH4OH: (a) pore size distribution 
(b) specific surface area (blue circle) and median nanopore sizes (red triangle). ............. 74 
Figure 4.7 Schematic representation of Ostwald ripening of silica gel network due to 
solvent exchange process. ................................................................................................. 75 
Figure 4.8 Nitrogen adsorption data of sol-gel glass aged at 40ºC, 120ºC, 160ºC, and 
200ºC under 1M NH4OH: (a) pore size distribution (b) specific surface area (blue circle) 
and median nanopore sizes (red triangle).  ........................................................................ 76 
Figure 4.9 Nitrogen adsorption data of sol-gel glass sintered for 2 hours at different 
temperatures ranging from 600ºC to 900ºC: (a) pore size distribution (b) specific surface 
area (blue circle) and median nanopore sizes (red triangle).  ............................................ 78 
Figure 4.10 Schematic representation of two possible paths to lower excess surface 
energy during sintering: (a) pore coarsening (b) densification. ........................................ 79 
Figure 4.11 XRD spectra of 70S30C nanoporous disks sintered for 2 hours at different 
temperatures (wollastonite peaks designated as ‘W’)....................................................... 81 
Figure 5.1 Hydroxyapatite unit cell. ................................................................................. 86 
Figure 5.2 Representative XPS spectrum of a PBS-incubated nanoporous glass monolith.
........................................................................................................................................... 91 
Figure 5.3 Deconvoluted C(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ..................................... 95 
xiv 
 
Figure 5.4 Deconvoluted Na(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ..................................... 96 
Figure 5.5 Deconvoluted F(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ..................................... 97 
Figure 5.6 Deconvoluted Cl(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ..................................... 98 
Figure 5.7 Deconvoluted O(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm...................................... 99 
Figure 5.8 Deconvoluted Ca(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ................................... 100 
Figure 5.9 Deconvoluted P(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. ................................... 101 
Figure 5.10 ATR FTIR spectra of PBS-incubated nanoporous glass monoliths with (a) 6-
nm, (b) 15-nm, (c) 31-nm, and (d) 44-nm nanopore sizes. ............................................. 104 
Figure 5.11 X-ray diffraction (XRD) patterns of HA/CHA formed on: (a) 6-nm pore size 
(b) 15-nm pore size (c) 31-nm pore size (d) 44-nm pore size (e) XRD reference pattern of 
hydroxyapatite (JCPDS #09-0432) (f) XRD reference pattern of CaF2 (ICDD-PDF#00-
004-0864) (g) XRD reference pattern of CaCl2 (ICDD-PDF#00-024-0223), and (h) XRD 
reference pattern of NaH2PO4.H2O(ICDD-PDF#00-011-0651). .................................... 106 
Figure 5.12 Cross-sectioned PBS-incubated nanoporous monoliths presented by 
backscattered electron (BSE) micrographs and its corresponding EDS elemental maps for 
Ca, P, and Si (scale bar = 5 µm). .................................................................................... 108 
xv 
 
Figure 5.13 SEM micrographs of HA/CHA layer formed on nanoporous glass monoliths 
with (a) 6-nm (b) 15-nm, (c) 31-nm, and (d) 44-nm pore size and SSA of 36 m2/g, 
yielding long-needle (LN), plate-like (PL), flower-like (FW), and short-needle (SN), 
respectively (scale bar = 1 µm). ...................................................................................... 109 
Figure 5.14 PBS conditions before and after incubation of nanoporous glass monoliths 
with different nanopore sizes and similar specific surface area:  (a) pH (b) calcium 
concentration (c) phosphate concentration.  .................................................................... 111 
Figure 5.15 Schematic drawings of the two pathways of HA/CHA formation: (a) 
HA/CHA surface deposition seen on 6-nm, 15-nm, and 31-nm nanoporous samples (b) 
HA/CHA incorporation seen on 44-nm nanoporous samples......................................... 114 
Figure 5.16 A schematic drawing of nanopores during the dissolution of glass covered 
with silanol (Si–OH) and negatively charged Si–O-, making the effective nanopore size 
(Deffective) appeared to negatively charged molecules (such as PO43-) smaller than  the 
actual nanopore size (Dactual). .......................................................................................... 116 
Figure 5.17 Chronological representation of HA/CHA formation and growth on relatively 
small nanopores as observed on HA/CHA surface deposition pathway: (a) PO43- ions 
from PBS encounters dissolved Ca2+ at the top surface as PBS first comes into contact 
with nanoporous glass monoliths (b) HA/CHA starts to form on the top surface of the 
nanoporous glass monoliths (c) HA/CHA forms along the throats of nanopores, 
narrowing the openings of nanopores (d) HA/CHA layer starts to fully cover the openings 
of nanopores (e) HA/CHA layer fully clogs the openings of nanopores, restricting PO43- 
from entering the nanopores while allowing Ca2+ to diffuse into PBS (f) HA/CHA 
xvi 
 
continues to grow only on the top surface of the nanoporous glass monoliths after 
HA/CHA fully clogs the nanopore openings.  ................................................................. 119 
Figure 5.18 Chronological representation of HA/CHA formation and growth on relatively 
large nanopores as observed on HA/CHA incorporation pathway: (a) PO43- ions from 
PBS encounters dissolved Ca2+ at the top surface as PBS first comes into contact with 
nanoporous glass monoliths (b) HA/CHA starts to form on the top surface of the 
nanoporous glass monoliths (c) HA/CHA begins to form along the throats of nanopores 
(d) nanopore openings becomes progressively narrower as HA/CHA forms inside the 
nanapores (e) HA/CHA layer on the top surface begins to clog the openings of 
nanopores, slowing down the diffusion of PO43- ions into the nanopores (f) HA/CHA 
layer fully clogs the openings of nanopores, allowing HA/CHA to continue growing only 
on the top surface of nanoporous glass monoliths. ......................................................... 120 
Figure 5.19 Schematic illustrations of the influence of HA/CHA growth rate on its 
microstructures: (a) equal growth rate in all directions in basal plane under equilibrium 
condition at slow overall HA/CHA growth rate, resulting in needle-like microstructure 
(b) single-direction growth distortion in basal plane under kinetic-controlled condition at 
intermediate HA/CHA overall growth rate, resulting in plate-like microstructure (c) 
multi-direction growth distortion in basal plane under kinetic-controlled condition at fast 
HA/CHA overall growth rate, resulting in flower- like microstructure........................... 123 
Figure 6.1 SEM micrographs of HA/CHA layer formed on nanoporous glass monoliths 
with (a) 6-nm (b) 15-nm, (c) 31-nm, and (d) 44-nm pore size and SSA of 36 m2/g, 
yielding long-needle (LN), plate-like (PL), flower-like (FW), and short-needle (SN), 
respectively (scale bar = 1 µm). ...................................................................................... 138 
xvii 
 
Figure 6.2 Nuclei of attached MC3T3-E1 cells after 2 hours: (a) IF images with a 10x 
objective of nuclei of attached cells on long-needle (LN) HA/CHA, plate-like (PL) 
HA/CHA, flower-like (FW) HA/CHA, and short-needle (SN) HA/CHA (scale bar = 
100µm), and (b) quantitative analyses of attached cells density on various HA/CHA 
microstructures by counting the number of cell nuclei per mm2. ................................... 140 
Figure 6.3 Actin of attached MC3T3-E1 cells after 2 hours: (a) IF images with a 10x 
objective of actin of attached cells on long-needle (LN) HA/CHA, plate-like (PL) 
HA/CHA, flower-like (FW) HA/CHA, and short-needle (SN) HA/CHA (scale bar = 
100µm), and (b) quantitative analyses of the average size of attached cells on various 
HA/CHA microstructures by measuring the area covered by actin. ............................... 141 
Figure 6.4 SEM micrographs at low magnification (left column) and high magnification 
(right column) of attached MC3T3-E1 cells after 2 hours on HA/CHA with (a) long-
needle (LN) (b) plate-like (PL) (c) flower-like (FW) and (d) short-needle (SN) 
microstructures................................................................................................................ 143 
Figure 6.5 Quantitative analysis of fibronectin in culture medium adsorbed after 2-hour 
incubation with various HA/CHA microstructures: (a) Western blot of fibronectin after 2-
hour incubation with various HA/CHA microstructures with a standard curve constructed 
by known concentrations of purified fibronectin (b) concentrations of fibronectin in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures................................................................................................................ 147 
Figure 6.6 Quantitative analysis of vitronectin in culture medium adsorbed after 2-hour 
incubation with various HA/CHA microstructures: (a) Western blot of vitronectin after 2-
hour incubation with various HA/CHA microstructures with a standard curve constructed 
xviii 
 
by known concentrations of purified vitronectin (b) concentrations of vitronectin in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures................................................................................................................ 148 
Figure 6.7 Quantitative analysis of bovine serum albumin (BSA) in culture medium 
adsorbed after 2-hour incubation with various HA/CHA microstructures: (a) Western blot 
of BSA after 2-hour incubation with various HA/CHA microstructures with a standard 
curve constructed by known concentrations of purified BSA (b) concentrations of BSA in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures................................................................................................................ 149 
Figure 6.8 Normalized % adsorption of fibronectin (blue), vitronectin (red), and BSA 
(green) in culture medium after 2-hour incubation with various HA/CHA microstructures.
......................................................................................................................................... 150 
Figure 6.9 Density of attached MC3T3 versus average % adsorption of fibronectin, 
vitronectin, and BSA....................................................................................................... 150 
Figure 6.10 (a) ATR-FTIR spectra of long-needle (LN) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. ...... 155 
Figure 6.11 (a) ATR-FTIR spectra of plate-like (PL) HA/CHA with and without 2-hour 
incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA with 
BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region.  .............. 156 
Figure 6.12 (a) ATR-FTIR spectra of flower-like (FW) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. ...... 157 
xix 
 
Figure 6.13 (a) ATR-FTIR spectra of short-needle (SN) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. ...... 158 
Figure 6.14 (a) ATR-FTIR spectra of lyophilized BSA (b) deconvolution of  lyophilized 
BSA in Amide I and Amide II region.  ............................................................................ 159 
Figure 6.15 Relative area (%) of β-turn, α-helix, and β-sheet structure in Amide I region 
of lyophilized BSA and adsorbed BSA on HA/CHA with long-needle (LN), plate-like 
(PL), flower- like (FW), and short-needle (SN) microstructures. .................................... 160 
Figure 6.16 Density of attached MC3T3 versus β-sheet/α-helix ratio of adsorbed BSA.
......................................................................................................................................... 160 
Figure 6.17 Schematic illustration of hydroxyapatite (HA) crystal structure consisting of 
positively charged a plane and negatively charge c plane. The blue, white, red and yellow 
spheres are Ca, P, O, and OH, respectively. ................................................................... 164 
 
  
  
1 
 
Abstract 
 
In the field of bioactive glasses for hard tissue regeneration, the bioactivity of a 
material is measured by its ability to induce the formation of hydroxyapatite (HA), 
Ca10(PO4)6(OH)2, under physiological conditions. Due to its close chemical 
crystallographic resemblance to natural bones, the newly formed HA layer has been 
shown to be critical for the biological interaction and bonding between the surfaces of 
bioactive glasses and osteoblast (bone) cells. Since the formation mechanism of HA is 
dependent on the dissolution behavior of the bioactive glass substrate, the characteristics 
of HA layer are dominated by the glass composition and structure. By introducing 
nanoporosity into glass structure, the dissolution rate and HA growth rate on nanoporous 
sol-gel-derived glasses are drastically enhanced compared to that of non-porous melt-
quench glasses with the same composition. While enhanced HA growth on nanoporous 
glass, compared to non-porous glass, was hypothesized to be associated with greater 
specific surface area (SSA), other studies argued that growth rate of HA layer on 
nanoporous glass is dominated by nanopore size distribution, and minimally affected by 
the bulk SSA of the underlying glass. In order to decouple the influence of nanopore size 
and SSA on HA formation, we have successfully fabricated homogeneous 70S30C 
bioactive glass monoliths with different nanopore sizes, yet similar SSA via sol-gel 
process. After 3-day PBS incubation of 70S30C nanoporous glass monoliths, the 
presence of hydroxyapatite and Type-B carbonated hydroxyapatite (HA/B-CHA) was 
confirmed by XPS and FTIR. Here, we report the influence of nanopore size on HA/CHA 
formation pathway, growth rate, and its microstructure. Due to pore-size limited diffusion 
of PO43-, two HA/CHA formation pathways were observed: HA/CHA surface deposition 
2 
 
and/or HA/CHA incorporation into nanopores. HA/CHA growth rate on the surface of a 
nanoporous glass monolith is dominated by the pore-size limited transport of Ca2+ ions 
dissolved from nanoporous glass substrates. Furthermore, with rising overall growth rate 
controlled by nanopore size, HA/CHA microstructures evolved from needle-like, plate-
like, and flower-like, respectively. Furthermore, the levels of initial cell attachment and 
protein adsorption on HA/CHA microstructures formed on different nanopore sizes were 
investigated. The initial cell attachment was quantified by measuring the density and 
average size of attached MC3T3-E1 cells after 2-hour seeding period. The amounts and 
conformation of adsorbed proteins after 2-hour incubation with HA/CHA were 
characterized by Western blot and FTIR, respectively. It was shown that the amounts of 
protein adsorption on various HA/CHA microstructures do not correlate with the initial 
MC3T3-E1 attachment, while the β-sheet/α-helix ratios in Amide I of bovine albumin 
serum (BSA) adsorbed on HA/CHA microstructures do correlate to the level of initial 
cell attachment. This result suggests that the β-sheet structure in BSA interacts with and 
activates the RGD sequence of adhesion proteins, such as fibronectin, upon adsorption, 
thus significantly enhancing the initial attachment of MC3T3-E1 cells. These findings 
provide new insights that can lead to a more detailed fundamental understanding of 
protein-surface and protein-protein interactions, which are crucial for the further 
development of bioactive material.
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Chapter 1 - Introduction 
 
1.1 Bone tissues and conventional reparative strategies 
 
Bones are living hard tissues which serve numerous vital functions in human body 
such as providing skeletal structure and locomotion, protecting delicate internal organs, 
producing red and white blood cells, and store minerals [1]. Bones are composite 
materials made of an inorganic mineral phase (69 wt%), an organic phase (22 wt%), and 
water (9 wt%) [2]. The inorganic mineral phase of bones mainly consists of 
hydroxyapatite (HA), a calcium phosphate mineral, which gives bones their rigidity and 
mechanical properties. The organic phase is composed of bone cells and fibrous collagen 
matrix, which enhance elasticity and fracture resistance [1]. Bone tissues have several 
hierarchal levels of organization formed through mineralization of collagen fibrous 
matrix by entrapped bone cells. There are three types of bone cells: osteoblast, osteocyte, 
and osteoclast. Osteoblast cells create new bone tissue by mineralizing its surrounding 
fibrous collagen matrix throug, whereas osteocyte and osteoblast cells reabsorb old bone 
tissues [3].  Due to different arrangements of its hierarchal structure, mature bone tissues 
can be generally classified into two types: trabecular bone (spongy bone) and cortical 
bone (compact bone), as illustrated in Fig. 1.1 [4].  Trabecular or spongy bone is the 
internal component of skeleton bone with high porous open cell network (50%-90% 
porosity). Bone marrow and hematopoietic stem cells, responsible for producing red 
blood cells, white blood cells, and platelets, reside within these space inside trabecular 
bone. Cortical or compact bone is a hard, dense outer layer of bone, which accounts for 
80% of bone mass and possesses about 5%-10% porosity. Cortical bone consists of 
microscopic columns, called osteon, in between which bone cells are entrapped, making 
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this area to be highly metabolically active. Moreover, as the cortical bones are created 
and reabsorbed, the nature and location of bone cells will consistently evolve [4].  
 
Figure 1.1 Cross-section representation of a long bone (from ref. [5]). 
 
When small bone injuries, such as fractures, are inflicted, these bone cells around the 
injured sites communicate and facilitate the healing process, by reabsorbing defective 
tissues and create bone tissues. However, as the bone defects become larger, the severe 
impact on bone hierarchal structure can restrict the cell communications and prevent 
natural bone healing without interventions. The smallest size of bone defects that does 
not heal over natural lifetime of animals or humans is termed ‘critical size defect’ [6]. 
There are two main strategies used to induce natural healing of dysfunctional bone tissues 
with critical size defects: transplantation and implantation.  Transplantation or grafting in 
medical procedures involves removing healthy tissues from a donor to an injured 
recipient in order to replace and/or induce natural healing of damaged organs [7]. 
Depending on the source of the grafting tissues used in the procedure, bone graft 
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procedures can be classified into three categories: autograft, allograft, and xenograft [8]. 
Autograft procedure involves harvesting and moving bone tissues from a healthy, non-
essential site to the defective site within the same individual. This procedure is widely 
considered as the gold standard of reconstructive surgery since it yields the most rapid 
healing and helps minimized the risks of undesirable immune reaction and disease 
transmission. However, autograft procedure requires a second surgical operation for bone 
harvesting, which increases risks of infection, surgical time, and pain to the patients [8]. 
Bone allograft, like autograft, is acquired from human donors; however, the difference is 
that it is harvested from another individual and then transferred to the patient’s body. Due 
to a combination of more advanced, less invasive harvesting techniques and an increasing 
number of organ banks, allograft procedures have recently gained tremendous popularity 
in bone repair. Compared to autografts, the drawbacks of allograft usage are the limited 
number of donors, limited shelf life, and higher risks of undesirable host response and 
disease transmission [8]. Lastly, xenografts are acquired from a species other than 
human. Although this procedure can offer sufficient supply from other animals and are 
cost effective, it carries the highest risks of undesirable immune reaction and disease 
transmission, preventing it from being used in wider applications [8]. To overcome 
challenges associated with transplant procedures, implants, which employ synthetic 
biomaterials instead of donor tissues, have recently gained tremendous traction as an 
alternative for replacing dysfunctional tissues. Implant procedure offers many advantages 
over transplantation, such as availability, reproducibility, zero risk of disease 
transmission, and cost effectiveness.      
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1.2 Evolution of biomaterials for bone repair 
 
Based on the development of biomaterial research and clinical availability during the 
past few decades, biomaterials used for bone implants can be generally classified into 
three generations: 1st generation (bioinert materials), 2nd generation (bioactive materials), 
and 3rd generation (bioresorbable materials) [9]. During the 1st generation, synthetic 
materials were aimed to safely replace dysfunctional tissues with the hope to regain 
natural bone functions. The only requirement for material design was to achieve 
mechanical and physical properties matching with those of the defective bone tissues 
with a minimum toxic response. Hence, the 1st generation biomaterials were designed to 
be bioinert in order to reduce undesirable immune response from human body. The 
conventional bioinert implants commonly utilize the mechanical properties of metals, 
alloys, ultra-high-molecular-weight polymers, and ceramics to create physical fixation 
between implants and the host tissues [9]. However, due to the inevitable foreign body 
reaction, fibrous tissues form at the interface between the bioinert implant and the host 
tissues. As this fibrous tissue grows thicker with time, the physical fixation of the bioinert 
implants becomes progressively weaker and will eventually be separated from the host 
tissues, limiting the long-term durability of the implants. To overcome this issue, 
macropores were introduced on the surface of bioinert implants, which allows tissue 
ingrowth into the implants and further strengthens the bonding interface through 
biological fixation [10]. Although macroporous structure significantly increases the life 
time of the bioinert implants, it also greatly reduces the interface mobility between the 
implants and natural bone tissues, leading to premature failures. Also, due to the 
increased surface area, surface corrosion rate of the implants is higher which may lead to 
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dissolution of unwanted metal ions into the body and cause various health complications 
in the long term [10]. 
In order to enhance the tissue/implant bonding and avoid the formation of fibrous 
tissues, synthetic bioactive ceramics were first introduced as a coating on the surface 
bioinert implants. The bioactivity of bioactive materials comes from its ability to recruit 
bone cells and direct them to mineralize, resulting bioactive bonding at tissue/implant 
interface [10]. Depending on the tissue response, 2nd generation bioactive materials can 
be classified as Class A and Class B. Class A bioactive materials possess both 
osteoconductivity (ability to allow bone formation on the surface or within pore structure) 
and osteoinductivity (ability to induce stem cells to differentiate into bone-forming cell 
linages), whereas Class B bioactive materials only possess osteoconductivity [11]. This 
means that Class A bioactive materials not only provide an appropriate tissue/material 
interfaces that recruit bone cells and create bioactive bonding, but also induce bone cell 
differentiation, leading to the formation of new bone tissues and enhanced bone growth. 
Class A bioactive materials include bioactive glasses (e.g. Bioglass®) and bioactive 
glass/ceramic composite. Class B bioactive materials include calcium-phosphate-based 
bioceramics, e.g. hydroxyapatite (HA), tricalcium phosphate (β-TCP and α-TCP), 
octacalcium phosphate (OCP), tetracalcium phosphate (TTCP), etc. The osteoinductivity 
of bioactive glasses (Class A), a major advantage over bioactive ceramics (Class B), 
come from the dissolution products (soluble silica and calcium ions), reported to play a 
direct role in inducing bone cell differentiation [12]. Therefore, we will later in this 
chapter focus on the development of bioactive glass scaffold for bone regeneration. 
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Although bioactive materials have been proven to induce new bone formation and 
provide strong tissue bonding interface, they are still exposed to a high risk of failure in 
long term and might not last throughout patients’ lifetime due to their slow degradation 
rate. The main cause of long-term failure of bioactive materials are originated from the 
mismatch of mechanical and physical properties [10]. Hence, the 3rd generation of 
biomaterials are aimed to design a bioresorbable material that not only can recruit and 
foster bone cells, but can also be safely reabsorbed by human body overtime. In order to 
be able to control the rate of resorption, bioresorbable materials usually have a three-
dimensional (3D) network structure with controlled porosity. This 3D network structure 
is sometimes termed as scaffold. However, these bioresorbable scaffolds are usually 
made of polymer-based materials such as polylactic acid (PLA), polyglycolic acid (PGA) 
and PLA-PGA copolymers, which are not bioactive [10]. Also, they possess poor 
mechanical properties which can lead to premature failure in load-bearing application 
without additional fixation.  
Therefore, the next generation of biomaterials currently under development is aimed 
to possess both bioactivity and bioresorbability. A few, diverse criteria for an ideal 
scaffold for hard tissue engineering include [13, 14, 15]:  
i. The scaffold must be biocompatible and bioactive. 
ii. The scaffold must be bioresorbable with resorption rate comparable to tissue 
growth. 
iii.  The scaffold must possess 3D structure with high porosity of interconnected 
‘macro’ pores (≥100µm) for tissue ingrowth, vascularization, and nutrient 
delivery. 
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iv.  The dissolution products of the scaffold must be metabolically safe to human 
body and must be able to direct and stimulate bone cell differentiation. 
v. The scaffold must possess strength and mechanical properties similar to that 
of human bone, and can maintain stability of the tissue/scaffold interface 
during resorption period.  
vi.  The scaffold must be machinable and/or shapeable prior to implantation to fit 
the defective site. 
1.3 Bioactive glass scaffolds 
 
During 1960s, Hench and his colleagues introduced Bioglass® which depict superior 
performances over other bioactive materials in the field [16]. The compositional design 
behind their material was based on the assumption that it should contain similar 
chemistry to bone tissues which mainly consist of calcium and phosphorus. Therefore, 
aside from SiO2 (a glass former) and Na2O (a glass modifier), CaO and P2O5 were 
incorporated into the final bioactive glass composition. After extensive tests, the final 
composition of Bioglass® was derived to be 46.1 mol% SiO2, 26.9 mol% CaO, 
24.5 mol% Na2O, and 2.5 mol% P2O5 [16]. The superior bioactivity of Bioglass® 
originates from its ability to form hydroxyapatite/carbonated-hydroxyapatite (HA/CHA), 
a bone-like mineral, after coming into contact with physiological fluids [17]. Hench 
proposed a series of reactions that leads to formation of HA/CHA layer on the surface of 
melt-quench 45S5 Bioglass® after immersion in physiological solution, i.e. simulated 
body fluid (SBF), as follows [18]:  
i. Rapid ion exchange reactions between glass network modifiers (Na+ and Ca2+) with 
H+ or H3O+ from SBF solution. This results in the formation of silanol (Si–OH) 
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groups on the glass surface and higher pH due to consumption of H+ from the 
solution: 
   Si–O–Na + H+  Si–OH + Na+(aq)   
 Si–O–Ca + 2H+  Si–OH + Ca2+(aq)   
ii. Dissolution of SiO2 network in the form of silicic acid (Si(OH)4) and the continued 
formation of Si–OH on the glass surface: 
 Si–O–Si + H2O  Si–OH + HO–Si  
iii. Condensation and repolymerization of amophous SiO2 on Na/Ca-depleted glass 
surface, creating amorphous SiO2-rich layer. 
iv. Formation of amorphous calcium phosphate (ACP) layer on SiO2-rich film through 
the migration of soluble Ca2+ and PO34- from the continued dissolution of glass and 
pre-exisitng ions from SBF solution.   
v. Formation of HA via further growth and crystallization of ACP layer. 
It is this HA/CHA layer formed on the surfaces of bioactive glasses that biologically 
and chemically interacts with bone cells and surrounding extracellular matrix, allowing 
seamless integration of Bioglass® and its derivatives to hard and soft tissues without 
inflammation, local toxicity, and immunogenic response [17]. Similar mechanism of 
reaction of similar sodium/calcium silicate glasses is expected. Since the formation of 
HA is dependent on the concentration of Ca2+, PO43-, OH-, and soluble species like 
Si(OH)4, the characteristics of HA layer are governed by the dissolution behavior and the 
composition of the glass substrate. Additionally, the dissolution products of bioactive 
glasses, soluble silica and calcium ions, can guide osteogenic cells to produce bone 
matrix and promote bone-cell differentiation, encouraging cellular repair at gene level 
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[12, 19]. The gene activation and ability to bond with both hard and soft tissues have 
given bioactive glasses clear advantages over other synthetic bioceramics such as 
synthetic hydroxyapatite, α-TCP, β-TCP, etc. [20].  
Based on the criteria of ideal bioactive scaffolds, three-dimensional bioactive glass 
scaffolds with controllable bioresorbability is considered the most attractive premise for 
future research and development of biomaterials for hard tissue regeneration. However, 
conventional melt-quench-derived bioactive glasses have a poor degradability due to its 
slow dissolution rate. To overcome this problem, controllable macroporosity (>75 µm) 
were introduced into glass structure. Macroporosity not only increases the dissolution and 
resorbability of bioactive glass scaffold, but also allows tissue ingrowth, vascularization, 
and nutrient delivery during bone regeneration process. Various fabrication methods were 
developed to create bioactive scaffolds with the requirements mentioned previously; for 
instance, polymer foam replication [21], dry pressing [22], freeze casting [23], and fiber 
glass sintering [24]. Although these methods were shown to be successful in fabricating 
three-dimensional bioactive glass scaffolds, its porosity is limited to only macropores 
ranging from 100 µm to 300 µm, which still do not yield sufficient resorption rate.  
In order to further enhance the resorbability of bioactive glass scaffolds, the next 
logical step was to superimpose nanoporosity onto the structure of macroporous glasses.  
Yet, the fabrication of nano-macroporous glass scaffolds is not a trivial task since the 
formation of macrospores tends to grow on the expenses of nanopores, making the 
coexistence of nanopores and macropores thermodynamically unfavorable. Because of 
the inherent nanoporosity in the sol-gel glass-making process, sol-gel-derived glasses 
have been explored as potential base materials for tissue engineering scaffolds. One of 
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the most widely accepted sol-gel fabrication techniques for nano-macro porous bioactive 
glass scaffolds is sol-foaming method by Jones et al [13]. While sufficient large 
macropores can be obtained via sol-foaming method, desired high interconnectivity 
between macropores is difficult to be maintained. Recently, our group has developed the 
most promising fabrication technology of nano-macro porous bioactive scaffolds via 
multi-scale phase separation in the sol-gel-derived calcium silicate system, which allows 
nanoporosity and macroporosity to be controlled independently, thus termed tailored 
amorphous multi-porous (TAMP) scaffold (see Fig. 1.2) [25]. With this newly developed 
technology, not only degradation rate of a TAMP scaffold can be tailored through 
controlling the nanoporosity, but the tissue ingrowth and vascularization can also be 
independently optimized through the macroporosity.  However, the influence of 
nanoporosity on cellular response has not yet been fully understood.  
 
 
Figure 1.2 Scanning electron micrographs (SEM) of TAMP scaffolds prepared by the  
sol-gel/PEO phase separation technique illustrating macropores (left) and nanopores 
(right) (from ref. [25]). 
 
1.4 Nanoporosity in bioactive scaffolds 
 
In the past decade, numerous studies have shown improvement in biological 
responses of various biomaterials after nanoscale features (<100nm) were introduced to 
their structure. To say a few, in 2002, Elias et al reported that the levels of osteoblast 
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proliferation and differentiation were enhanced after being exposed to carbon fibers with 
diameter smaller than 100 nm in comparison to those with diameter larger 100 nm [26]. 
In 2003, Woo et al showed that nano-fibrous poly(L-lactic acid) scaffolds selectively 
enhanced protein adsorption contributing to cell attachment compared to solid-walled 
fibrous scaffolds [27]. In 2010, Raimondo et al. reported an improvement in osteoblast 
and endothelial cell attachment on nanotextured polyethylene and titanium compared to 
the conventional, featureless materials [28]. And in 2011, Wang reported that 
nanoporosity in 70S30C TAMP scaffolds increases the depth of cell penetration and 
colonization into the scaffolds compared to those without nanoporosity after performing 
2-week in vivo experiments of sub-cutaneous implantation on rabbits as illustrated in Fig. 
1.3 [29]. 
 
Figure 1.3 Histological results of 70S30C nano/macro porous TAMP scaffolds after in in 
vivo sub-cutaneous implantation on rabbits, showing penetration depth of cells at 0 days 
(yellow) and 14 days (green) in (a) nanomacroporous 70S30C scaffold and  
(b) macroporous only 70S30C scaffold (from ref. [29]). 
 
Though, the mentioned beneficial effects of nanoporosity on cellular responses are 
well established especially in stem cell research and tissue engineering, it is still unclear 
how nanopores in 10-nm scale may have a dominant influence on cells that are thousands 
of times larger. There are various theories trying to explain the roles of nanostructure 
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from the previously mentioned studies. While Woo et al. proposed that the drastic 
increase in surface area in nanostructured scaffolds promote protein adsorption and thus 
enhanced cell attachment [27], other studies claimed that the favorable influence of 
nanostructure comes from either the change in conformation of certain signaling proteins 
[30] or change in surface energy [26, 31]. Since these theories are based on only the 
empirical observations of biomaterials with and without nanostructure. However, as 
nanofeatures were introduced to the material structure, other parameters (i.e. specific 
surface area and local chemistry) were intrinsically varied; hence, the influence of 
nanostructure is not yet conclusive.  Only recently, our group has successfully fabricated 
nanomacroporous 70S30C scaffolds with the same specific surface area but with different 
nanopore sizes [32]. It was found that, with a comparable specific surface area of 81 
m2/g, TAMP scaffolds with 4-nm pore size yielded a significantly higher level of initial 
osteoblast attachment after 12-hour seeding period compared to those with 17-nm pore 
size [32]. This result shows that even with the same specific surface, nanopore size play a 
crucial role in initial cellular response. However, the understanding of how nanopore size 
affects the cellular response has not yet been fully established. 
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Chapter 2 - Research objectives 
 
2.1 Fundamental challenges in nanoporous bioactive glass 
research 
 
The benefits of nanofeature in enhancing biological response to various bioactive 
materials have been emphasized from numerous studies in the past decade [1, 2, 3, 4]. In 
the field of bioactive glass scaffolds for hard tissue regeneration, nanoporosity not only 
improves the osteoblast attachment and differentiation, but also allow for tailorable 
resorption rate of the scaffolds in human body via the control of nanopore size and 
specific surface area. Since sol-gel-derived materials inherently possess nanoporosity, 
sol-gel process has been widely adopted as the foundation to fabricate new generation of 
nanoporous biomaterials.  The nature of nanoporosity can be tailored by several 
parameters during sol-gel process, such as hydrothermal aging [5], addition of 
condensation inhibitors [6], solvent exchange, and sintering temperature [7]. In these 
methods, as the size of nanoporosity is changed, the specific surface area also varies 
concurrently. So far, there has been no evidence that differentiates the influence of 
nanopore size from surface area related effects (e.g. dissolution rate and local chemistry 
of micro environment). Therefore, in order to fully understand the importance of 
nanopore size, the biological evaluation of nanoporous materials must be performed on 
specimens with comparable specific surface area but significantly different nanopore 
sizes.  
By applying solvent exchange and sintering techniques, Wang et al recently 
fabricated TAMP scaffolds with the same specific surface area but different nanopore 
sizes [8]. The response of MC3T3-E1 pre-osteoblast cells showed that the scaffolds with 
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~4 nm pore size yield a higher cell density compared to the samples with ~17 nm pore 
size in the first 12 hours; the surface area being ~ 82 m2/g for both cases [8]. However, no 
fundamental understanding on how nanopore size affects the cellular response was fully 
concluded from the study by Wang et al due to several reasons. First, it is possible that 
the variation in cellular response on different nanopore sizes could be originated from the 
nanopore size effect on the hydroxyapatite (HA) layer, but HA layers formed on different 
nanopore sizes were not investigated in the study by Wang et al. Also, due to limitations 
of current surface characterization techniques on three-dimensional TAMP scaffolds, the 
study by Wang et al was not able to reliably analyze the cellular response and the 
composition/conformation of adsorbed protein layer that can help us truly understand 
how the size of nanopores influences biological performance. Also, with only two pore 
sizes being investigated, the true effects of nanopore size on cell attachment and/or 
proliferation was not fully understood.  
2.2 Statement of objectives 
 
In order to address the above concerns, the objectives of this dissertation are as 
follows: 
 
I. Develop a process for fabricating homogeneous, crack-free nanoporous glass 
monoliths with different nanopore sizes, yet similar specific surface area.  
II. Study the effect of nanopore size on the formation of hydroxyapatite.  
III. Study the influence of nanopore size on the initial attachment of osteoblast, bone-
like, cells and the protein adsorption such as the composition and the 
conformation of adsorbed proteins.  
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2.3 Dissertation outline 
 
Chapter 1 and Chapter 2 gives an overall perspective and challenges of past-to-
present research and development of biomaterials for hard tissue regeneration. Chapter 3 
introduces the basic principles and experimental procedures behind fabrication processes 
and characterization techniques used in this dissertation, including sol-gel process, 
mercury intrusion porosimetry, nitrogen adsorption porosimetry, immunofluorescence 
microscopy, Western blotting, and FTIR. In Chapter 4, the sol-gel fabrication process of 
homogeneous, nanoporous monoliths is described with an emphasis on various 
processing parameters for controlling nanopore sizes and specific surface area. Chapter 5 
presents the influence of nanopore size on the formation of hydroxyapatite (HA) and its 
microstructure. Chapter 6 focuses on the influence of HA microstructure (created by 
different nanopore sizes) on the initial attachment of pre-osteoblast cells and the protein 
adsorption. Chapter 7 summarizes the findings, concludes the importance of this 
dissertation, and provides future directions that can be extended from this work.  
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Chapter 3 - Experimental techniques 
 
In this chapter, the science of sol-gel process, theoretical background of porosity 
measurements, and characterization protocols for in vitro cellular response and protein 
adsorption are presented as follow: Section 3.1 introduces the science behind sol-gel 
process used to fabricate nanoporous bioactive glasses. Section 3.2 and 3.3 discuss the 
theoretical background of two major porosity measurement techniques, nitrogen 
adsorption porosimetry and mercury intrusion porosimetry, respectively. Section 3.4 
presents in vitro protocols for evaluation of cellular response, including maintenance of 
cell line and cell visualization. Finally, Section 3.5 discusses the fundamentals of 
characterization techniques for protein adsorption, including protein quantification and 
protein conformational analysis. 
3.1 Sol-gel process 
 
Sol-gel process is a wet-chemical method for low-temperature fabrication of oxide 
glasses and ceramics [1, 2]. It involves a series of polycondensation and hydrolysis 
reactions to transform a liquid ‘sol,’ a fluidic colloidal suspension, into a non-fluidic ‘gel’ 
consisting of cross-linked, aggregated colloids. After being dried to remove byproduct 
liquid trapped within the interconnected interstitial space of the gel network, dried gels 
are thermally stabilized by sintering process. The final product can be made into glass 
and/or ceramics and as thin films or monoliths, depending on sintering and drying 
conditions, respectively. A schematic drawing of sol-gel process with various processing 
conditions and the corresponding form of final products is illustrated in Figure 3.1. In 
short, there are four main stages during sol-gel process critical to the physical and 
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chemical properties of the final product: sol-gel transition (gelation), aging, drying, and 
sintering.   
 
Figure 3.1 Schematic drawing of various sol-gel processing conditions and its 
corresponding final product (from ref. [3]). 
 
3.1.1 Gelation  
 
 Two types of sol-gel precursors are metal-organic and metal-inorganic precursors. 
Metal-organic precursors utilize metal alkoxides, M(OR)n, where M is a metal with 
valence n, O is oxygen, and R is an alkyl group. On the other hand, metal-inorganic 
precursors are metal salts, usually in forms of chlorides, nitrates, and acetates. Due to 
difficulties in controlling sol-gel reactions using metal-inorganic precursors, metal-
organic precursors are commonly used [2]. In this dissertation, Si(OCH3)4 or tetramethyl 
orthosilicate (TMOS), a silicon alkoxide precursor, was selected. 
 The first step of sol-gel process is mixing of precursors with water-based solution.  
Two primary reactions take place during the mixing stage: hydrolysis and condensation, 
as illustrated by eq. 3.1.1 and eq. 3.1.2, respectively [4]. During the hydrolysis reactions, 
the alkoxy group (-OCH3) from TMOS is replaced by hydroxyl group (-OH) from water 
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molecules, yielding silicic acid (Si(OH)4) after 4-step reaction as seen in eq. 3.1.1.  In the 
condensation reactions, the hydrolyzed silanol groups (Si-OH) from silica acid molecules 
condense and form siloxane bonds (Si-O-Si) as seen in eq. 3.1.2, creating silica gel 
network.  
 Si(OCH3)4 + 4H2O  Si(OH)4 + 4CH3OH (eq. 3.1.1) 
 Si(OH)4 + Si(OH)4  (OH)3Si-O-Si(OH)3 + H2O (eq. 3.1.2) 
Moreover, it is worth noting that the condensation reactions can be carried out with 
partially hydrolyzed TMOS molecules (i.e. (OCH3)2Si(OH)2), not necessarily requiring 
the 4-step hydrolysis reaction to be completed. Therefore, in most cases, condensation 
reactions can start as soon as the hydrolysis reactions begin. As the condensation 
reactions continue, the viscosity of precursor mixture or ‘sol’ increases until the sol loses 
its fluidity and becomes an elastic solid gel [5]. The process is called gelation.  
The kinetics of hydrolysis and condensation reactions, critical for controlling sol-gel 
chemistry, are sensitive to several factors, including pH, R ratio (molar ratio of alkoxide 
precursor to water), nature of alkyl group, and temperature [2]. In general, high 
temperature and low R ratio are employed in order to enhance hydrolysis rate, while 
long-length alkyl group is used to decrease the hydrolysis rate. The most commonly used 
parameter for controlling sol-gel chemistry is pH. The pH of sol determines both the 
mechanism and the reaction rate of hydrolysis and condensation. Since the hydrolysis 
reaction rate of silica is slowest in neutral pH condition, the sol-gel transition of silica is 
typically carried out with acid or basic catalysts [6]. Due to the stability of transitional 
states based on the ability to withdraw or donate hydroxyl (-OH) groups versus alkyl (-
OR) groups, the rate of each hydrolysis step under basic condition starts slow and gets 
28 
 
progressively faster in the successive steps, while, under acidic condition, hydrolysis rate 
starts fast and gets progressively slower in the successive steps [1]. This implies that 
relatively higher degree of hydrolysis is observed under basic condition compared to that 
under acidic condition [7]. For instance, the first condensation step under basic condition 
would yield fully hydrolyzed (OH)3Si-O-Si(OH)3 which has six silanol terminals for 
subsequent condensation steps. This results in highly branched clusters in the sol, which 
eventually becomes a crosslinked colloidal gel. On the other hand, under acidic 
condition, the first condensation step begins before hydrolysis completes, producing 
partially hydrolyzed (OCH3)2(OH)Si-O-Si(OH)(OCH3)2. With only two silanol terminals 
available for the following condensation steps, the sol evolves into a chain-like structure 
which eventually develops into an interconnected network-like gel [7]. A representative 
diagram of growth and gel structure with respect to pH is shown in Figure 3.2. 
 
 
Figure 3.2 A diagram of growth and gel structure during gelation process as a function of 
pH (from ref. [7]).   
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3.1.2 Aging  
 
Aging is an extension of gelation process where unreacted terminal silanol sites are 
crosslinked via further condensation reactions. During this process, a gel shrinks, expels 
excess pore liquid (byproduct of condensation reactions), and is eventually being 
submerged in the expelled pore liquid. This phenomenon is called syneresis. Mechanical 
strength of the gel network increases due to higher network connectivity as new bonds 
continue to form via condensation [2]. In addition, temperature and pH of aging condition 
can affect the structure and properties of the final product through a modification of 
dissolution and condensation rate of gel network. For example, with rising temperature 
and pH during aging, the dissolution rate and solubility of silica network in water are 
enhanced, causing smaller SiO2 colloids dissolve and redeposit onto larger particles [8]. 
This phenomenon is called Ostwald ripening. As SiO2 network coarsens, the interstitial 
space in between the clusters is enlarged, leading to larger nanopores and lower surface 
area. By adjusting these parameters, the nanoporosity of sol-gel-derived products can be 
tailored to meet desired nanostructure. A schematic representation depicting an evolution 
of the gel network under various conditions is illustrated in Figure 3.3 (from ref. [9]). 
 
Figure 3.3 A schematic representation showing the evolution of silica gel network during 
aging process for (a) acid-catalyzed, (b) base-catalyzed gels, and particulate silica gels 
under (c) high solubility and (d) low solubility of silica in water (from ref. [9]). 
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3.1.3 Drying 
 
During drying, liquid byproducts from condensation reactions, comprised of water 
and alcohol, are removed from the gel network via evaporation. A wet gel goes through 
three stages during drying process [1]. The first stage is called the constant rate period, 
where the evaporation rate per unit drying surface area is independent of time. During 
this stage, a wet gel shrinks significantly, and the loss of the gel volume is equal to the 
volume of evaporated liquid, while all nanopore space is still fully occupied by pore 
liquid. At the end of this stage, a wet gel stops shrinking, and further evaporation starts to 
remove liquid from within the nanopores, marking the beginning of the second stage 
called the critical point. In this stage, the liquid is being pulled to the gel surface through 
the nanopores by capillary force. As the contact angle of pore liquid approaches zero, the 
drying tensile stress is developed due to the difference in shrinkage between the outer 
part of gel body (void of liquid) and the inner part of gel body (filled with pore liquid), 
and cracking is most likely to occur during this stage. Since tensile stress created during 
the critical point is positively correlated to capillary force and the gel thickness, cracking 
can be reduced by decreasing gel thickness, increasing nanopore size, and slow 
evaporation rat. The third stage is called the falling rate period, where most pore liquid is 
removed and the capillary force is not sufficient to pull remaining liquid to be evaporated 
at the gel surface. During this stage, the remaining pore liquid trapped inside nanopores 
converts into vapor and diffuses to the surface of the gel. Since cracking is most common 
during conventional evaporation, other drying methods have been developed as 
alternatives, such as freeze drying which produces highly oriented nanopore channels 
[10], and supercritical drying which results in highly porous aerogels [11].  
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3.1.4 Thermal stabilization and sintering 
 
After drying, unreacted silanol groups remains on the surface of dried gels, causing 
dried gels to be thermally and chemically unstable. In order to improve its stability, dried 
gels are subjected to a heat treatment process at an elevated temperature, below its glass 
transition temperature (usually > 400ºC). This allows silanol groups to combine and 
create bridging oxygen in siloxane bonds, resulting in strengthening of silica network and 
enhance its thermal and chemical stability [1]. This process is called thermal stabilization. 
During this process, dried gels undergo through various stages as temperature is 
increased. From room temperature to 170ºC, physically adsorbed water is removed. From 
170ºC and 400ºC, organic residuals start to decompose, and adjacent silanol bonds 
condense and form siloxane bonds; however, this process is reversible up to 400ºC.  
Beyond 400ºC, the dehydration and formation of siloxane bonds become completely 
irreversible, and dried gels develop into thermally stabilized glass [12]. Following 
thermal stabilization, sintering is carried out as a subsequent heat treatment at 
temperature above glass transition temperature. Driven by interfacial energy, sintering 
promotes densification by allowing viscous flow and fusion of secondary particles [13]. 
This leads to closing of nanopores, decrease in the specific surface area, and, thus, 
reduction in overall free energy. Therefore, sintering can be used to obtain the desired 
specific surface area and nanopore size of the final sol-gel-derived products. 
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3.2 Mercury intrusion porosimetry 
 
Nanoporous solids are divided into three classes based on pore diameter according to 
International Union of Pure and Applied Chemistry (IUPAC): macroporous materials 
possess pore diameter larger than 50 nm, mesoporous materials possess pore diameter 
between 2 nm to 50 nm, and microporous materials possess pore diameter smaller than 2 
nm [14]. Mercury intrusion porosimetry is widely accepted for the characterization of 
porous materials with pore size as small as 3 nm up to 500 µm, providing a wide range of 
information, e.g. the surface area, the pore size distribution, the pore volume, and the 
apparent and skeletal density [15]. Due to its unique non-wetting property, liquid mercury 
cannot enter pores by capillary force; therefore, external pressure is required in order to 
intrude mercury into pore structure, as illustrated in Figure 3.4.   
 
Figure 3.4 Schematic drawing of mercury intrusion process [from Micromeritics mercury 
intrusion porosimetry brochure]. 
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At the interface between liquid mercury and pore openings, the surface tension of 
mercury tangentially acts like an elastic membrane, resisting mercury from entering the 
pores (Figure 3.5) [16]. For a circular pore opening with radius of r, the magnitude of the 
resisting force (FR) due to surface tension of mercury is given as  
 𝐹𝑅 = 2𝜋𝑟𝛾 cos 𝜃 (eq. 3.2.1) 
where 𝛾 is the surface tension of mercury and 𝜃 is the contact angle between mercury 
and the sample’s surface. The external force asserted to push mercury into pores is the 
product of pressure (P) and area (A) over which the external pressure is applied. For a 
circular pore opening with radius of r, the magnitude of external force (Fext) is expressed 
as 
 𝐹𝑒𝑥𝑡 = 𝑃 ×𝐴 = 𝑃𝜋𝑟
2 (eq. 3.2.2) 
Before mercury is able to enter the pore opening, the resisting force is equal to the 
external force. Therefore, at equilibrium, the equation can be rewritten as 
 𝑟 = −
2𝛾 cos 𝜃
𝑃
 (eq. 3.2.3) 
Since the non-wetting property of mercury makes contact angle larger than 90º on the 
surface, the minus sign is included in the equation. For our 70S30C glasses (70 at% SiO2 
– 30 at% CaO) used for this dissertation, the surface tension of mercury (𝛾) is 0.485 N/m, 
and the contact angle (𝜃) is 130º [17]. Based on eq. 3.2.3, the pore size distribution can 
be generated as a function of pressure. By measuring the intruded volume with each 
incremental change of pressure, the pore size distribution can also be plotted as a function 
of pore volume. 
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Figure 3.5 Schematic drawing of mercury intrusion porosimetry as external pressure is 
applied. 
 
In reality, pores are not in perfect cylindrical shape as demonstrated in Figure 3.6. 
Although larger pores are filled at low pressure, but those pores which possess large pore 
body connected to the surface by narrower pore throats cannot be filled until the external 
pressure can overcome the surface tension at its pore throat. On the other hand, while 
narrow pore throats are emptied at the same pressure at which it is filled, large pore 
cavities are emptied at low pressure because the internal surface tension of their relatively 
large radii requires higher extrusion force. Therefore, mercury intrusion is controlled by 
the size of pore throat (Rt) while the extrusion of mercury is dominated by the size of 
pore body (Rb) [15]. 
35 
 
 
Figure 3.6 Illustration of narrow pore throat with radius of Rt and pore body with radius 
of Rb (from ref. [18]). 
 
In this work, AutoPore IV 9500 mercury intrusion porosimeter was used to 
characterize pore size distribution and surface area of our nanoporous glass samples. 
Before the analysis, samples were heated at 2ºC/minute to 150ºC and held at that 
temperature for 2 hours in order to remove trapped moisture and contaminants from the 
nanopores. During the analysis, the sample-containing chamber was pre-filled with liquid 
mercury at 0.5 psia, then incremental increase in pressure was carried out until the 
maximum pressure of 60,000 psia was reached. Both intrusion and extrusion curves of 
pressure as functions of pore size were collected. 
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3.3 Nitrogen adsorption porosimetry 
 
3.3.1 Introduction 
 
Physical gas adsorption is one of the most widely used techniques for measuring 
specific surface area and pore size distribution of nanoporous solids. Among all 
applicable gases and vapors, nitrogen is commonly chosen as the gas adsorptive due to its 
availability, cost effectiveness, and safety. Moreover, unlike mercury porosimetry, 
nitrogen adsorption porosity is a non-destructive technique since the inertness of nitrogen 
allows gas desorption readily after the analysis. The process of nitrogen adsorption 
porosimetry is illustrated in Figure 3.7. First, porous samples are thoroughly degassed 
using vacuum at an elevated temperature to remove other physical by adsorbed gas 
species and contaminants. Nitrogen gas is then introduced in controlled increments at the 
boiling point of nitrogen (77.36 K). At low pressure, isolated sites on the samples surface 
begin to adsorb nitrogen molecules. As the pressure rises, the coverage of adsorbed 
nitrogen molecules increases to a point that a monolayer is formed. By calculating the 
number of nitrogen molecules required to form a monolayer, the surface area of porous 
solids can be determined [14]. By increasing pressure beyond the monolayer formation, 
nitrogen molecules form multilayer and fill the pores. Smaller pores in the sample are 
filled first. As the pressure approaches saturation point, condensation of adsorbed 
nitrogen takes place, creating variation in the saturation pressure of gaseous nitrogen. 
Since the quantity and rate of condensation are dependent on pore size, the variation in 
saturation pressure can be used to calculate the pore size distribution [14]. However, 
since the variation in the saturation pressure of nitrogen is pronounced for pore sizes less 
than 100 nm, but becomes subtle as pore size gets larger than 100 nm, nitrogen 
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adsorption porosimetry is reliable only for the characterization of solids with pore size 
less than 100 nm.  
 
Figure 3.7 Schematic representation of nitrogen adsorption process (from ref. [19]). 
 
During nitrogen adsorption porosimetry, a plot of the quantity of adsorbed nitrogen 
as a function of relative pressure is generated at a constant temperature of nitrogen 
boiling point (77.36 K), known as an isotherm plot. Both adsorption and desorption 
isotherms are obtained. Six types of isotherms reflecting the relationship between 
porosity and gas adsorption/desorption behavior are illustrated in Figure 3.8 [20]. 
Microporous solids, for which adsorption is controlled by interactions between gas 
molecules and pore walls, are represented by Type I isotherm. The hysteresis loops in 
Type IV and V isotherms result from capillary condensation, commonly observed in gas 
adsorption by mesoporous solids. Type II, III, and VI isotherms yield from macropores 
due to stepwise multilayer adsorption. The differences between Type II and III and Type 
IV and V arise from the relative strength in fluid-fluid and fluid-solid interactions. Type 
II and IV isotherms suggest relatively stronger fluid-solid interactions compared to fluid-
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fluid interaction, whereas Type III and V isotherms are associated with stronger fluid-
fluid interactions.  
 
Figure 3.8 IUPAC classification of adsorption/desorption isotherms (from ref. [20]). 
 
In this dissertation, Brunauer–Emmett–Teller (BET) [21] and Barrett, Joyner and 
Halenda (BJH) [22] theories were applied as computational models for deriving the 
surface area and pore size distribution from nitrogen absorption isotherms. BET theory 
for surface area calculation is based on Langmuir adsorption model which assumes ideal 
gas behavior of the gaseous adsorptives. BJH theory determines the pore size distribution 
based on Kelvin equation which describes the influence of the contact angle and 
curvature of the liquid-vapor interface on vapor pressure. Both theories are discussed in 
detail later in the following subsections.   
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3.3.2 Surface area calculation by BET theory 
 
The BET theory [21] for calculation of surface area from nitrogen adsorption 
isotherms is based on Langmuir adsorption model [23]. The properties and interactions 
between gaseous adsorptive and solid absorbent are assumed as follows: (i) the 
occupation probability of a site is independent of the occupancy of neighboring sites, (ii) 
there are no interactions between adsorptive molecules, and (iii) all vacant sites are 
equivalent. The BET equation for surface area calculation is expressed as 
 
𝑃
𝑉𝑎(𝑃0−𝑃)
=
1
𝑉𝑚𝐶
+
𝐶−1
𝑉𝑚𝐶
(
𝑃
𝑃0
) (eq. 3.3.1) 
where Va is the quantity of adsorbed gas, Vm is the quantity of adsorbed gas for a 
monolayer formation, C is a constant, and P and P0 are the equilibrium and the saturation 
pressure, respectively.   
The BET equation exploits the linear relation of 
𝑃
𝑉𝑎 (𝑃0 −𝑃)
 versus 
𝑃
𝑃0
 plot with a slope 
of  
𝐶−1
𝑉𝑚𝐶
 and intercept of 
1
𝑉𝑚𝐶
. From this plot, the derived value of Vm can be used to 
compute the specific surface area (surface area per unit mass) for monolayer adsorption 
as follows: 
 𝑆 =
𝑁𝑎𝜎𝑉𝑚
𝑚𝑉0
 (eq. 3.3.2) 
where Na is the Avogadro number,  𝜎 is the cross sectional area of the adsorbed gas 
molecules, m is the mass of the porous solid, and V0 is the molar volume of adsorbed gas.   
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3.3.3 Pore size distribution by BJH theory 
 
BJH method [22] has been widely used for deriving pore size distribution from 
adsorption/desorption isotherms. Based on Kelvin equation [24], BJH theory describes 
the change in vapor pressure as a function of the contact angle and curvature of liquid-
vapor interface during the nitrogen adsorption process. There are two key assumptions 
for BJH theory: (i) pores are in perfect cylindrical shape, and (ii) fluid-solid interactions 
are negligible.  
As pressure increases beyond the formation of a monolayer, multilayer of adsorbed 
gas molecules is formed, which lead to capillary condensation. Since pore size governs 
the condensation and, thus, the curvature of liquid-vapor interface, the variation in the 
relative pressure upon adsorption can be used to calculate the pore size distribution. 
Given by Kelvin equation, the BJH theory expresses the relation between the relative 
pressure (
𝑃
𝑃0
) and the radius (r) of cylindrical pores as follows: 
 𝑟 = − (
2𝛾𝐿𝑉𝑉𝐿 cos 𝜃
𝑅𝑇
)
1
ln(
𝑃
𝑃0
)
 (eq. 3.3.3) 
where 𝛾𝐿𝑉 is the surface tension between liquid and vapor, VL is the molar volume of 
condense liquid, 𝜃 is the contact angle between the condensed liquid and pore wall, R is 
the universal gas constant, T is the absolute temperature, and P and P0 are the equilibrium 
and the saturation pressure, respectively.  
By applying this equation, pore size distribution can be derived from variation in 
relative pressure from the isotherms due to its pore-size-dependent behavior of capillary 
condensation. As P approaches P0, a small change in P creates a drastic deviation in r; 
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therefore, the nitrogen adsorption porosimetry is only suitable for pore size less than 100 
nm. Furthermore, it is worth noting that there is a difference in the application of BJH 
method to adsorption and desorption branch of isotherms since, in reality, the pores are 
not always in cylindrical shape. Generally, the BJH-derived pore size distribution from 
adsorption branch represents the radius of the pore body whereas the BJH-derived pore 
size distribution from desorption branch depicts the radius of pore throat [25].  
3.3.4 Experimental procedure 
 
In this work, ASAP 2020 nitrogen adsorption porosimetry (Micromeritics, Norcross, 
GA) is used to characterize the nanoporosity within glass structure. Prior to the analysis, 
all samples were degassed in vacuum to remove contaminants trapped within nanopores. 
Samples were initially heated at 2ºC/minute and held at 90ºC for 1 hour, allowing 
moisture to evaporate. Then the samples were heated to 150ºC at 2ºC/minute and held for 
24 hours or until the degassing rate is less than 4 mmHg/minute. The degassed samples 
were stored within a sealed sample holder until the analysis. During the analysis, the 
adsorption isotherms from 0.05P0 and 0.20P0 were used to generate 
𝑃
𝑉𝑎 (𝑃0 −𝑃)
 versus 
𝑃
𝑃0
 
plot for the BET surface area calculation, where Va is the quantity of adsorbed gas, P is 
the equilibrium pressure, and P0 is the saturation pressure. This usually yields the 
correlation coefficient (R-squared) for linear regression higher than 0.999. Lastly, the 
BJH pore-size distributions were derived from the desorption isotherms from 0.995P0 to 
0.05P0, which reliably yielded pore size distribution from 1.7 nm to 100 nm, covering the 
interested range of nanopore sizes (6 nm to 44 nm) from glass samples fabricated for this 
study. 
  
42 
 
3.4 Evaluation of in vitro MC3T3 cellular response  
 
Animal cell culture has been widely used to characterize the performance of new 
biomaterials [26]. Since the evaluation of in vitro cellular response to biomaterials is a 
prerequisite step before clinical study, visualization of cells can help provide crucial 
information, such as cell viability, attachment, proliferation, migration, and 
differentiation. Two major techniques for visualizing cells are immunofluorescence (IF) 
microscopy and scanning electron microscopy (SEM). IF microscopy utilizes specific 
antibodies conjugated with fluorescent dyes to label antigens of interest, allowing 
visualization of the physiology of living cells at a subcellular resolution under a light 
optical microscope [27]. Since the resolution of IF microscopy is limited due to the 
wavelength of visible light, SEM is commonly used in conjunction with IF technique in 
order detect sub-micron details of cellular structure. Though SEM can provide a much 
higher resolution, specimens must be dried and placed under vacuum for imaging; thus, 
living cells cannot be imaged with SEM technique. In order to preserve its original 
structure during SEM, cells are fixed via covalently cross-linking of proteins using 
glutaraldehyde or formaldehyde, followed by careful dehydration.  
In this dissertation, a well characterized cell line, MC3T3-E1 subclone 4 mouse pre-
osteoblast cells obtained from American Type Culture Collection (ATCC, CRL-2593), 
was chosen as a model to study cell response to our nanoporous bioactive glasses. 
MC3T3-E1 cells were maintained at standard culture conditions at 37 C, 5% CO2 – 95% 
air atmosphere, and saturated humidity in complete culture as follows: Alpha-modified 
Eagles Medium (α-MEM, Gibco/Invitrogen, Grand Island, NY, Cat. # A10490-01) was 
supplemented with 10 vol% fetal bovine serum (Atlanta Biologicals, Flowery Branch, 
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GA, Cat. # S11150), 1 vol% penicillin/streptomycin (Corning, Corning, NY, Cat. # 30-
001-C1), and 0.06 vol% L-glutamine (HyClone, Logan, UT, Cat. # 25-005-C1).  Cells 
were subcultured upon confluency at 1:10 split ratio.  
For the evaluation of cell morphology and level of cell attachment, F-actin filaments 
and cell nuclei were observed using IF technique. F-actin filaments, globular proteins 
essential for cell mobility, were stained using Alexa488-phalloidin (Molecular Probes, 
Cat. # A-12379), and cell nuclei were stained with DAPI solution (Molecular Probes, 
Eugene, OR, Cat. # D1306). Cell density and morphology of nanoporous glasses were 
characterized using a Nikon Eclipse TE2000-E inverted fluorescence microscope. Cell 
density was determined on images with DAPI-stained cells by counting number of nuclei 
per unit area, and average cell size were obtained on images with Alexa488-phalloidin 
stained cells by outlining the periphery of individual cells and measuring the cell area 
using ImageJ software. For SEM imaging, cells seeded on nanoporous glass samples 
were fixed with glutaraldehyde followed by stepwise dehydration using various 
concentrations of ethanol [28]. After drying with hexamethyldisilazane (HMDS), samples 
were coated with iridium in order to avoid charging and imaged under a Zeiss 1550 
scanning electron microscope. 
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3.5 Characterization of absorbed proteins  
 
Protein adsorption from solution to solid surfaces is a common process that 
spontaneously occurs at the interface between biological surface and physiological 
solution. Since cells interact directly with the layer of adsorbed proteins, both quantity 
and conformation of adsorbed proteins on solid surfaces are critical for cellular behavior, 
such as cell attachment, migration, proliferation and differentiation. In this work, western 
blot and Fourier transform infrared spectroscopy (FTIR) were employed to determine the 
amount and the conformation of adsorbed proteins, respectively.  
3.5.1 Western blot 
 
Western blot, also known as immunoblot, is one of the most useful analytical 
methods for investigation of protein abundance, cellular localization, and protein 
interactions [29]. Western blotting utilizes a combination of gel electrophoresis, 
immunostaining, and chemiluminescence techniques to identify, quantify, and determine 
the size of specific proteins in a complex protein-containing medium. In short, gel 
electrophoresis is a method that employs electric field to separate macromolecules or 
proteins based on their molecular structure, size, and charge. Then separated proteins are 
targeted and visualized by a series of immunostaining and chemiluminescence using 
specific antibodies. The working principle of western blot is based on a few key steps as 
shown in Figure 3.9 [30].  
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Figure 3.9 The working principle of western blot (from ref. [30]).  
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First, the protein sample is prepared by mixing it with sodium dodecyl sulfate (SDS), 
an anionic detergent, which breaks down hydrogen bonds within and between protein 
molecules causing them to unfold into linear chains [31]. Addition of SDS to protein 
samples also coats protein chains with a net negative charge. By introducing a net 
negative charge to proteins in the presence of SDS, the electrophoretic mobility is 
predominantly dependent on the molecular weight of specific proteins, eliminating the 
influence of size and intrinsic charge imposed by the original proteins. To carry out the 
electrophoresis process, SDS-modified samples are loaded into well columns of a 
crosslinked polymer matrix, called a gel, then the electric field is applied to separate the 
proteins in SDS-modified sample solution by their molecular weight. The most 
commonly used gel is polyacrylamide gel (PAG) due to its thermal and chemical 
stability, transparency, and minimal protein adsorption [32]. PAG possesses a three-
dimensional mesh network comprised of acrylamide and a cross-linker, methlylene 
bisacrylamide catalyzed by ammonium persulfate. PAG composition and porosity can be 
tailored based on the molecular weight of the target proteins as seen in Table 3.1 [33, 34]. 
This conventional western blot system involving SDS modification and polyacrylamide 
gel electrophoresis is typically abbreviated as SDS-PAGE protocol. 
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Table 3.1 Range of protein molecular weights and the suitable % concentration of 
acrylamide and bis-acrylamide for gel electrophoresis (from ref. [34]). 
 
Protein Molecular Weight (kDa) Gel Acrylamide Concentration (%) 
12 – 45   15% 
10 – 70     12.5% 
15 – 100  10% 
25 – 200  8% 
 
 After gel electrophoresis, weight-separated proteins within the PAG are transferred 
onto a nitrocellulose membrane via hydrophobic interaction under parallel electric field 
in wet stage. In order to minimize the amount of non-specific binding, the unreacted sites 
of proteins are blocked in an assay containing inert proteins (e.g. bovine serum albumin 
(BSA) and nonfat dry milk) and/or nonionic detergent (e.g. Tween-20).  
After blocking, the blocked protein-containing membrane is prepared for 
immunostaining and chemiluminescence processes as illustrated in Figure 3.10. The 
membrane is incubated in the primary antibody binding specifically to the protein of 
interest. There are two types of primary antibodies: polyclonal and monoclonal 
antibodies. Polyclonal antibody can target several epitopes on the same antigen and 
monoclonal antibody can only bind to one unique epitope. While monoclonal primary 
antibodies produce lower background signals due its high specificity, western blot results 
with the use of polyclonal are generally more stable even if a few epitopes are denatured 
and destroyed during sample preparation. After removing the unbound primary antibody, 
the membrane is incubated in enzyme-conjugated secondary antibody, targeting the 
primary antibody binding to the protein of interest. The secondary antibody is chosen 
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based on the species of animal in which the primary antibody is produced. For example, 
if the primary antibody is made from a rabbit host, the secondary antibody must be an 
anti-rabbit antibody. For chemiluminescence process, horseradish peroxidase (HRP) is 
chosen as the enzyme conjugated to the secondary antibody. After the incubation with 
HRP-conjugated secondary antibody, the membrane is exposed to a solution called 
enhanced chemiluminescence (ECL). ECL contains luminol (C8H7N3O2) and hydrogen 
peroxide (H2O2) which react with HRP and generate luminescent substances that emit 
light at the location of target proteins. The HRP-bound proteins are then detected by 
development of the membrane onto X-ray films.  
 
Figure 3.10 Schematic representation of immunostaining and chemiluminescence 
processes involving specific enzymatic detection of membrane-bound antigens  
(from ref. [35]). 
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In this dissertation, SDS-PAGE electrophoresis with 10%, 15-mm thick gel is used 
to quantify the amount of protein adsorption. Before electrophoresis, samples are 
prepared by mixing in 1:1 ratio with SDS sample buffer, heat the mixture to 95ºC and 
held there for 5 minutes [32]. A solution called running buffer for electrophoresis is a 
mixture of Tris base, glycine, and SDS in deionized water, and a transfer solution is made 
of Tris base and glycine in deionized water [32]. For both electrophoresis and transfer 
processes, the electric field is kept constant at 120 volts. The blocking reagent is a 
mixture of 5% (w/v) nonfat dry milk powder and 1 vol% Tween-20 in Tris-buffered 
saline (TBS). For the detection of proteins, HRP enzyme and ECL solution are used 
before the membrane is exposed to X-ray films. The developed films are then scanned, 
and the quantification of protein signals on the film are carried out using ImageJ 
software.    
3.5.2 Fourier transform infrared spectroscopy (FTIR) 
 
Fourier transform infrared spectroscopy (FTIR) is one of the most widely used 
vibrational spectroscopy for determining molecular structure of organic materials such as 
polypeptides, amino acids, proteins, etc. The wavelength of infrared radiation extends 
from 0.78 µm to 1000 µm and can be divided into three regions: near-infrared (0.78 µm 
to 2.5 µm), mid-infrared (2.5 µm to 50 µm), and far-infrared (50 µm to 1000 µm) [36]. 
For biological samples, FTIR experiments conventionally employ mid-infrared region. 
FTIR utilizes the fact that the covalent bonds in organic molecules can adsorb and get 
excited by infrared light. The adsorption of infrared radiation excites and induces the 
vibrational transitions of the covalent bonds within organic molecules. Since each 
covalent bond has specific vibrational modes (i.e. rotational, bending, stretching, and 
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torsional) with characteristic quantum energy levels, there is a set of fixed energy 
differences between two adjacent levels, which are characteristic of the covalent bonds in 
each compound. When the energy of a photon is equal to the energy difference between 
two adjacent levels, the light with wavelength corresponding to that energy difference is 
strongly adsorbed [37]. Therefore, by measuring the adsorption intensity as a function of 
the wavelength of incident infrared light, the chemical structure of the molecules of 
interest can be derived by the analysis of the infrared adsorption bands.  
A FTIR spectrometer consists of an interferometer, an infrared light source, and a 
detector as shown in Figure 3.11 [38]. An interferometer has a beam splitter and two 
mirrors, fixed and movable. A beam splitter equally splits light emitted from a light 
source into two beams. One beam of light is reflected by the beam splitter towards the 
fixed mirror and is then reflected back to the beam splitter where about half of its 
intensity passing through the beam splitter reaches the detector (black arrow in Figure 
3.11). The other beam of emitted light through the beam splitter gets reflected by the 
movable mirror towards the beam splitter, and then about half of its intensity is reflected 
by the beam splitter towards the detector (grey arrow in Figure 3.11). By adjusting the 
position of the movable mirror, the difference in the optical path between the two beams, 
d, can be varied to create either constructive or destructive interference as the beams 
recombine at the detector. The instrument measures the light intensity as a function of 
optical path difference, called an interferogram [38]. The recombined beam is directed 
either to the surface of samples or through samples, depending on the sampling 
technique. Since different wavelengths will undergo constructive or destructive 
interference at different path lengths, each incident monochromatic light produces its 
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unique interferogram. The interferogram received by the detector is a summation of all 
individual interferograms, containing the spectral information for each wavelength. The 
resulting infrared spectra are obtained by converting the interferogram for all wavelength 
of the incident light after interaction with the samples through Fourier transformation. 
 
Figure 3.11 Schematic representation of a Fourier transform infrared spectrometer 
(from ref. [38]). 
 
FTIR sampling method is the way through which incident infrared light interacts 
with the samples. Several sampling methods are used in FTIR, which depend on the type 
of measurement (bulk or surface) and the physical form of the specimens; liquid, gas, or 
solid. Two main sampling methods are transmission and reflectance FTIR (see Figure 
3.12). Transmission measurement is commonly used for bulk characterization of samples 
in gaseous and liquid form, where the incident infrared light can pass through the sample 
contained within infrared transparent holder. Since transmission measurement requires 
short path lengths of no more than 6 µm - 10 µm, solid samples must be thin enough for 
the signal to pass through the samples [37]. In most cases, it is difficult to prepare a thin 
solid substrate without compromising the adsorbed protein layer on the surface.  
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Figure 3.12 Sampling techniques for FTIR: transmission for bulk measurements and 
reflectance for surface measurement (from ref. [39]). 
 
Alternatively, characterization of protein secondary structure on solid surfaces can be 
done through surface-sensitive measurement by reflectance FTIR methods. There are 
three sampling techniques of reflectance FTIR currently used for protein adsorption on 
solid surfaces: specular reflectance, diffuse reflectance, and attenuated total reflectance 
(ATR). As infrared light is shined on the external surface of the sample, two types of 
reflection take place; specular reflection and diffuse reflection (see Figure 3.13). Specular 
reflectance method relies on the principle of reflective efficiency, where the detector 
measures the reflected infrared signal in the same angle as the incident infrared beam. 
This requires the surface of the sample to be polished in order to maximize the reflective 
efficiency and signal-to-noise ratio. On the other hand, diffuse reflectance FTIR measures 
the reflected infrared signal produced by diffuse scattering. It requires a strong scattering 
effect from samples instead of adsorption when interacting with infrared light. Diffusive 
reflectance FTIR is often used for solid samples with rough surface and powders. To 
maximize the scattering effect, samples are often ground and mixed with an infrared 
transparent material such as potassium bromide (KBr). Due to low scattering efficiency 
in mid-infrared region, the study of biological samples using diffuse reflectance in mid-
infrared region usually yield weak signal; hence, long acquisition time is usually required 
to obtain sufficient signal-to-noise ratio for data analysis [40].  
53 
 
 
Figure 3.13 Specular and diffuse reflection (from ref. [41]). 
 
Attenuated total reflectance (ATR) FTIR is another surface-sensitive reflectance 
method that can help overcome the required short path length in transmission 
measurement. ATR uses the concept of internal reflection which is created by directing 
the infrared light at the interface between the surface of the sample and a dense infrared-
transparent material with a high refractive index (usually greater than 2) which is called 
the internal reflection element (IRE) or ATR crystal, usually made of zinc selenide, 
germanium, or diamond [42]. If the incidence angle of the incoming infrared light is 
greater than the critical angle of the ATR crystal, the internal total reflection occurs, as 
illustrated in Figure 3.14(a). At the reflecting surface within ATR crystal, a standing 
wave known as an evanescent wave is formed as shown in Figure 3.14(b) [43]. An ATR 
spectrum is acquired by measuring the attenuated evanescent wave exiting the crystal 
after interaction with the surface of the sample. Since the evanescent wave decays 
exponentially as a function of distance from the top surface of the ATR crystal, the 
sample is pressed against the crystal in order to maximize the signal output. The 
penetration depth of the evanescent wave typically ranges from 0.5 µm to 2 µm, 
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depending on the wavelength of the incidence beam, refractive indices of ATR crystal 
and the sample, and the incidence angle of infrared beam.  
 
(a) 
 
(b) 
Figure 3.14 (a) Schematic drawing of an attenuated total reflectance (ATR) setup (from 
ref. [42]) (b) infrared light path through ATR crystal when the angle of incidence is 
greater than the critical, creating internal reflection and evanescent wave at the reflecting 
surface on top of the crystal (from ref. [43]). 
 
Since ATR FTIR is inherently a surface-sensitive technique with the interaction layer 
of a few micrometers thick, it is suitable for studying the secondary structure of proteins 
adsorbed on solids which is of interest in this dissertation. ATR FTIR spectra were 
acquired using Bruker Vertex 70 spectrometer (Bruker Optics, Billerica, MA) equipped 
with a MVP Pro single reflection diamond crystal ATR accessory (Harrick Scientific, 
Pleasantville, NY).  Spectra were acquired in the mid-infrared region by averaging 400 
scans at 6cm-1 resolution using a mercury cadmium telluride (MCT) detector and are 
reported in absorbance units by referencing to the spectrum of the bare ATR crystal. 
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Chapter 4 - Fabrication of nanoporous glass monoliths 
 
4.1. Introduction 
 
In recent years, the beneficial effects of nano-size features including porosity on 
cellular responses have been well established in tissue engineering research. In 2002, 
Elias et al. reported that osteoblasts (bone-forming cells) exhibit superior proliferation 
and differentiation rates on nano-sized carbon fibers with higher specific surface area 
compared to conventional, micron-sized carbon fibers [1]. A study in 2007 by Dalby et 
al. showed that increasing disorder in nanoscaled arrays on the surface of 
polymethylmethacrylate (PMMA) promotes in vitro differentiation of mesenchymal stem 
cells (MSCs) without osteogenic supplements [2]. In 2011, our team performed in vivo 
experiments of sub-cutaneous implantation of tailored amorphous multi-porous (TAMP) 
scaffolds on New Zealand rabbits, where we demonstrated that nanoporosity in TAMP 
scaffolds enhances the cell penetration depth and colonization [3]. Nonetheless, it is still 
unclear how nanopores (<50 nm) may have a dominant impact on cells (~100µm) that are 
thousands of times larger.  
Since sol-gel-derived materials inherently possess nanoporosity, sol-gel process has 
been widely adopted as the foundation to fabricate new generation of nanoporous 
biomaterials.  The nature of nanoporosity can be tailored by several parameters during 
sol-gel process, such as hydrothermal aging [4], addition of condensation inhibitors [5], 
solvent exchange, and sintering temperature [6]. In these methods, as the size of 
nanoporosity is changed, the specific surface area also varies concurrently. So far, there 
has been no evidence that differentiates the influence of nanopore size from surface-area 
related effects, like dissolution rate and local chemistry of micro environment. Therefore, 
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in order to fully understand the importance of nanopore size, the biological evaluation of 
nanoporous materials must be performed on specimens with comparable specific surface 
area but significantly different nanopore sizes. 
By applying solvent exchange and sintering techniques, our group recently fabricated 
TAMP scaffolds with the same specific surface area but different nanopore sizes [7]. The 
response of MC3T3-E1 pre-osteoblast cells showed that the scaffolds with ~4 nm pore 
size yield a higher cell density compared to the samples with ~18nm pore size in the first 
12 hours; the surface area being ~ 82 m2/g for both cases. Unfortunately, due to 
limitations of current surface characterization techniques on three-dimensional scaffolds, 
this study was not able to reliably analyze the cellular response and the 
composition/conformation of adsorbed protein layer that can help us truly understand 
how nanoporosity influences biological performance. Also, scaffold samples with only 
two pore sizes were investigated, limiting the understanding of the observed effects on 
cell attachment and/or proliferation. In this chapter, we discuss different fabrication 
processes of a nanoporous platform that possess suitable characteristics for establishing 
the influence of nanopore size on biological response as follows: 
I. Significantly different nanopore sizes with similar specific surface area 
II. Monolithic (crack-free), flat surface for robust topographical and biological 
analyses 
III. Chemically homogeneous  
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4.2. Materials and methods 
 
4.2.1 Sol-gel casting  
 
Glass composition of 70 at% SiO2 – 30 at% CaO (70S30C) was selected. To 
fabricate nanoporous bioactive glass scaffolds via sol-gel process, following chemical 
reagents were used: tetramethoxysilane, TMOS (99 %, Acros Organics); calcium nitrate 
tetrahydrate, Ca(NO3)2.4H2O (Sigma Aldrich); acetic acid, CH3COOH (Fisher 
Chemical); aqueous hydrofluoric acid, HF (Fisher Chemical); and ammonium hydroxide, 
NH4OH (Fisher Chemical). The starting sol was prepared by mixing 20 mL of 0.05N 
CH3COOH (pH 3.0), 9 mL of TMOS, and 6.18 grams of Ca(NO3)2.4H2O. After the 
components were vigorously stirred until the solution became homogenous, 2 mL of 2.5 
wt% HF was added to induce gelation. After additional stirring for 30 seconds, the sol 
was cast into the wells (1 mL/well) of polytetrafluoroethylene (PTFE) 24-well plates and 
was left to age at 40 ºC for 4 days. Wet, aged gels were dried in a precisely controlled 
humidity and temperature up to 180ºC using a Microclimate® humidifier chamber 
(Cincinnati Sub-Zero, Ohio, USA). Dried samples were then thermally stabilized at 
600ºC for 5 hours. 
4.2.2 Sol-gel powder-pressing 
 
The starting sol for powder-pressing method was made in the same manner as sol-gel 
casting method. After adding HF to induce gelation, the sol was transferred into PTFE 
jars and was left to gel at 40ºC for 1 hour. Depending on the desired nanopore size, gelled 
samples were subjected to a solvent exchange with NH4OH, where they were immersed 
in NH4OH and aged for 4 days at different temperatures ranging from 120ºC to 200ºC. 
During aging process, wet, gelled samples were kept in tightly sealed autoclave 
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containers in order to create hydrothermal condition where samples were exposed to 
temperature beyond boiling point of pore liquid and, hence, very high steam pressure. 
After cooling to ambient temperature, the wet gels were transferred to dry in open 
atmosphere with gradually increasing temperature up to 180ºC for 2 days and then 
thermally stabilized at 600ºC for 5 hours. Nanoporous glass was ground and sieved to 
obtain glass powder with particle size < 45 µm.  The resulting powder was mixed, and 
then pressed into ~0.5 gram disks with a uniaxial press in a cylindrical alumina die. To 
further strengthen and assure uniform green density, the pre-shaped disks were further 
pressed isostatically at 275 MPa. In order to tailor the specific surface area, nanoporous 
glass disks were then sintered for 2 hours in a three-zone tube furnace at various 
temperatures ranging from 600 ºC to 900 ºC.   
4.2.3 Characterization techniques 
 
The chemical composition of nanoporous glass disks was determined by wavelength 
dispersive spectroscopy (WDS) technique in a JEOL JXA-8900 EPMA electron 
microprobe.  The standards used for WDS compositional analysis were quartz (SiO2) and 
calcite (CaCO3). Chemical homogeneity and surface quality were ensured by scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) in a Zeiss 1550 
field-emission microscope. X-ray diffraction (XRD) patterns were acquired with a 
Panalytical Empyrean X-ray Diffractometer to ensure that final samples remained 
amorphous. The characteristics of nanoporosity were determined by nitrogen adsorption 
porosimetry (ASAP2020, Micrometrics, Norcross, GA), where the specific surface area 
(SSA) and nanopore size distribution were determined by BET [8] and BJH [9] methods, 
respectively. Since nitrogen adsorption is not suitable to detect porosity larger than 100 
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nm, mercury porosimetry was performed using Micromerictics’ AutoPore IV 9500 on 
compacted disks to observe any changes in larger pores.  
4.3. Challenges of sol-gel casting method 
 
Initial attempts to fabricate crack-free nanoporous monoliths were carried out via 
sol-gel casting method. During drying process, a gel is subjected to non-uniform 
contraction where the exterior of a gel dries and shrinks at a faster rate than the interior, 
causing the high tensile stress and cracking at the drying surface [10]. To avoid cracking 
during drying stage, samples were dried in a slow and controlled manner. Various 
humidity and temperature profiles were tested in order to create crack-free samples. 
Samples were gradually heated at 0.1ºC/minute to a certain temperature: (A) 40ºC (B) 
60ºC (C) 80ºC (D) 100ºC (E) 120ºC, under a highly humid environment at 95% relative 
humidity (%RH) in order to slow down the contraction on the drying surface relative to 
the interior of a gel.  After reaching the desired temperature, the temperature was kept 
constant while the humidity was slowly reduced from 95%RH to 15%RH at 
0.1%RH/minute, followed by another heating profile at 0.1ºC/minute up to a final 
temperature of 180ºC (see Figure 4.1(a)). 
Thermally stabilized samples dried with different profiles are shown in Figure 
4.1(b). By prematurely lowering the %RH at a low temperature in drying profile A 
(40ºC) and B (60ºC), the liquid phase trapped in the interior of a gel does not have 
enough driving force to permeate through the nanopores, creating a large gradient in 
shrinkage and eventually a collapse of the gel network. On the other hand, if the samples 
are overheated close to or beyond boiling point of pore liquid which mostly consists of 
water, the boiling of pore liquid can rupture the gel from the inside, resulting in cracking 
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as seen in the results generated by drying profile D (100ºC) and E(120ºC). By slowly 
lowering the %RH at moderate temperature (80ºC) well below boiling point of water as 
attained through drying profile C, monolithic, crack-free nanoporous scaffolds were 
obtained. Cross-sectional drawing and its dimensions of a crack-free sample dried by 
profile C is shown in Figure 4.1(c). The top surface is concaved due to surface tension 
pulling the sol to PTFE mold during sol-gel transition and aging process.   
 
(a) 
 
 
(b) 
 
 
(c) 
 
Figure 4.1 (a) %RH and temperature of various drying profiles (b) thermally stabilized 
samples dried with designated drying profiles (c) a representative drawing with cross-
sectional dimensions of a crack-free sample fabricated via sol-gel casting method. 
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The compositional homogeneity of crack-free samples was assessed by back-
scattered electron (BSE) imaging and EDS in SEM. Figure 4.2(a) shows a cross-sectional 
BSE micrograph of a crack-free sample, where two regimes were observed as a result of 
difference in compositional contrast. As illustrated in Figure 4.2(b), the EDS spectra of 
the two regions shown in BSE micrograph suggest that calcium content is higher in the 
thin outer layer (Region 2) with Si/Ca ratio of ~1.85, compared to Si/Ca ratio of ~2.52 in 
the interior of monoliths (Region 1).  
The chemical heterogeneity is suspected to be caused by calcium nitrate 
accumulation on the interface between the walls of the mold and the wet gel during aging 
and drying stages. When calcium nitrate is used in the sol-gel process, it remains in the 
pore liquid (the by-product of condensation reaction), but a part of this is expelled out of 
the wet gel during gelation and aging stage [11]. As the wet gel is dried, more of pore 
liquid containing calcium nitrate is, due to shrinkage, expelled out of the gel, depositing it 
on the gel’s outer periphery. In principle, calcium can diffuse into the samples during 
stabilization, often the diffusion path is too long for it to reach the center of the sample 
and produce chemically homogeneous monoliths. However, it is to be noted that this 
problem is less critical in the fabrication of nano-macro porous samples [12] where 
efficient evaporation can be achieved through macropores and the thin struts allow 
uniform calcium distribution throughout the glass network.  
Based on the series of studies from Lin et al., the solution for this inhomogeneity 
issue appeared to be utilizing gelling molds made of a hydrophobic material (e.g. PFTE) 
during aging and drying stages [13]. Such molds were claimed to inhibit calcium 
deposition, leading to enhanced homogeneity of calcium distribution. However, we have 
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shown that even with the use of PTFE 24-well plates inhomogeneity persisted in the 
crack-free samples.  
 
(a) 
 
   
(b) 
 
Figure 4.2 (a) BSE-SEM micrograph and (b) EDS spectra corresponding to Region (1) 
and Region (2) of a cross-sectioned nanoporous scaffold fabricated by the sol-gel casting 
method. 
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4.4. Homogenous, nanoporous glass monoliths via powder-
pressing 
 
Due to persistent inhomogeneity associated with the sol-gel casting method, powder-
press technique was explored as an alternative route to fabricate homogeneous, 
monolithic samples as described in Section 4.2.2. Monolithic samples fabricated by 
powder-press method yield completely crack-free samples post-sintering. A sintered disk 
has a final dimension ranging from 11 mm - 14 mm in diameter and 2.3 mm - 2.5 mm in 
thickness depending on processing conditions as shown in Fig. 4.3(a) and 4.3(b). SEM 
micrographs in Figs. 4.3(c) and 4.3(d) depict a nanoporous, dense, crack-free sample with 
uniform surface. Top-view and cross-sectional EDS elemental maps of Si and Ca, 
illustrated in Fig 4.4(a) and 4.4(b), respectively, show a uniform distribution of both 
elements on the surface and throughout the thickness, confirming that the nanoporous 
disks are chemically homogeneous. EDS spectrum and WDS result in Fig. 4.4(c) 
determine that the final samples are comprised of 70.4 ± 1.4 at% SiO2 and 27.8 ± 2.0 at% 
CaO. The small iridium (Ir) peak is from the conductive coating applied to minimize 
charging effects on a sample’s surface during SEM and WDS sessions. In addition, 
mercury intrusion data of a powder-pressed monolithic sample shown in Fig. 4.5 presents 
a narrow pore size distribution with well-defined mono-modal nanopore size suggesting 
that powder-pressed samples possess only nanoporosity in its structure.  
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 (a) (b) 
 
    
(c) (d) 
Figure 4.3 Light optical images of a nanoporous disk from (a) top view and (b) side view 
and SEM micrographs of nanoporous glass disks at (c) low magnification and (d) high 
magnification, depicting a dense, crack-free surface with nanoporosity. 
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(a) 
 
 
(b) 
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(c) 
 
Figure 4.4 SEM micrographs with Si and Ca elemental maps from (a) top view and (b) 
cross-sectional view with (c) corresponding EDS spectrum with average chemical 
composition of a nanoporous glass disk fabricated via powder-pressed method. 
 
 
Figure 4.5 Pore size distribution of nanoporous disks from mercury intrusion 
porosimetry. 
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4.5 Tailoring pore size and specific surface area in nanoporous 
glass monoliths 
 
4.5.1 Tailoring nanoporosity by solvent exchange  
 
During aging stage of sol-gel process, solvent exchange process was utilized to tailor 
nanoporosity of a wet gel [7]. Solvent exchange process involves exchanging pore liquid 
in a gel network during wet stage with a solvent in order to alter local pH environment at 
liquid-gel interface [10]. Ammonium hydroxide (NH4OH) was chosen as the reagent for 
solvent exchange to avoid leaving behind undesired elements. The nitrogen adsorption 
data for samples aged at 40ºC without solvent exchange and with solvent exchange in 1M 
and 3M NH4OH are shown in Figs. 4.6(a) and 4.6(b). With solvent exchange, pore 
diameter increases while specific surface area decreases. The solvent exchange effect is 
enhanced by using higher concentration of NH4OH. This suggests that rising pH in silica 
network during wet stage induces coarsening of nanopores, which is in agreement with 
the previous findings by Wang et al. [7]. 
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(a) 
 
 
(b) 
Figure 4.6 Nitrogen adsorption data of sol-gel glass aged at 40ºC without solvent 
exchange and with solvent exchange using 1M and 3M NH4OH: (a) pore size distribution 
(b) specific surface area (blue circle) and median nanopore sizes (red triangle). 
 
The nanopore size of sol-gel-derived materials is ultimately dependent on the natural 
balance between hydrolysis or alcoholysis (dissolution) on one hand, and condensation 
(precipitation) of colloidal SiO2 particles during wet stage on the other hand. Solvent 
exchange effect on nanoporosity can be explained by the pH-dependent behavior of silica 
dissolution rate in a wet gel during aging process, where the dissolution rate and 
solubility of silica in water increase significantly with rising pH [10]. Since larger 
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particles have lower energy than smaller ones, smaller SiO2 colloids dissolve and 
redeposit onto larger particles. As SiO2 network coarsens, the interstitial spaces in 
between the clusters are enlarged, leading to larger nanopores (see Fig. 4.7). This 
thermodynamically driven mechanism is an example of Ostwald ripening [14].   
 
Figure 4.7 Schematic representation of Ostwald ripening of silica gel network due to 
solvent exchange process (from ref. [15]). 
 
4.5.2 Tailoring nanoporosity by hydrothermal aging 
 
Aging temperature is another processing parameter during wet stage that can be 
altered to tailor nanopore sizes. By bringing the aging temperature beyond boiling point 
of pore liquid (water and alcohol) in a tightly closed system, a wet gel is exposed to 
steam at high pressure, which is known as hydrothermal aging [4]. Figs. 4.8(a) and 4.8(b) 
present nanopore distribution curves of samples subjected to various hydrothermal aging 
temperatures, 40ºC, 120ºC, 160ºC, and 200ºC with solvent exchange under 1M NH4OH. 
The nanopore size increases from 14 nm when aged at 40ºC to 44 nm when aged a 200ºC, 
while the specific surface area decreases from 88 m2/g to 37 m2/g, respectively. In 
addition, the full width at half maximum (FWHM) of pore distribution curve increases as 
the pore size gets larger; FWHM values of 40°C, 120°C, 160°C, and 200°C 
hydrothermally-aged samples are 5.7 nm, 8.9 nm, 22.4 nm, and 33.4 nm, respectively.   
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(a)  
 
(b) 
Figure 4.8 Nitrogen adsorption data of sol-gel glass aged at 40ºC, 120ºC, 160ºC, and 
200ºC under 1M NH4OH: (a) pore size distribution (b) specific surface area (blue circle) 
and median nanopore sizes (red triangle). 
 
Hydrothermal aging exploits higher temperature and built-up steam pressure within 
closed system to tailor nanopore size and its correspondent specific surface area of sol-
gel-derived glass during wet stage. It has been demonstrated that dissolution rate and 
solubility of amorphous silica in water are positively correlated to temperature and 
pressure [16, 17]. The effects of hydrothermal aging on nanoporosity can be explained 
with a similar principle as solvent exchange discussed in Section 4.5.1, where Ostwald 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 20 40 60 80 100 120
d
V
/d
lo
g(
D
) 
P
o
re
 V
o
lu
m
e 
(c
m
³/
g·
Å
)
Pore Diameter (nm)
40ºC
120ºC
160ºC
200ºC
10
15
20
25
30
35
40
45
50
30
40
50
60
70
80
90
100
40ºC 120ºC 160ºC 200ºC
M
ed
ia
n
  
P
o
re
 D
ia
m
et
er
 (
n
m
)
S
p
ec
if
ic
 S
u
rf
ac
e 
A
re
a 
(m
2
/g
)
Hydrothermal Aging Temperature
77 
 
ripening of silica particles is induced by increasing solubility and dissolution rate of silica 
in water. While solvent exchange utilizes higher pH, hydrothermal aging utilizes synergy 
of higher temperature and steam pressure during wet stage in order to promote coarsening 
of silica gel network, resulting in larger interstitial space and, hence, larger nanopore 
sizes.  
4.5.3 Tailoring specific surface area by sintering 
 
Besides tailoring nanopore size, various sintering temperatures can be applied to 
partially eliminate nanopores and tailor the specific surface area (SSA) of nanopores. The 
effect of sintering temperature on nanoporosity is presented in Fig. 4.9. Both nanopore 
size and SSA are reduced when sintered at a higher temperature. The modal pore size 
decreases from 18.2 nm with 72 m2/g after being sintered at 600ºC to 15 nm with 19 m2/g 
after being sintered at 900 ºC. The reduction in nanopore size becomes insignificant once 
the sintering temperature reaches beyond 750 ºC, while SSA keeps decreasing as the 
sintering temperature increases to 900 ºC. 
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(a) 
  
(b) 
Figure 4.9 Nitrogen adsorption data of sol-gel glass sintered for 2 hours at different 
temperatures ranging from 600ºC to 900ºC: (a) pore size distribution (b) specific surface 
area (blue circle) and median nanopore sizes (red triangle). 
 
During sintering, there are two competing mechanisms as the porous material tries to 
reduce its excess surface energy: pore coarsening and densification, as illustrated in Fig 
4.10(a) and Fig 4.10(b), respectively. Both pore coarsening and densification reduce the 
surface energy by decreasing the total pore surface area; however, pore coarsening 
decreases the total pore surface area through coalescing smaller pores to form larger 
pores, while densification process decreases the total pore surface area by closing the 
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pores and reducing pore volume. If coarsening is favored, pores will become larger with 
corresponding decrease of surface area. However, if densification is favored, pores will 
be narrowed and can eventually be closed, resulting in drastic reduction in both pore size 
and surface area. The results of reduction in both pore size and specific surface area 
suggest that the sintering of our material is dominated by densification. Another evidence 
of nanopore closing due to densification can be observed in Fig. 4.9(b) where nanopore 
size stays constant at 15 nm while specific surface continues to decrease.  
  
 (a)  (b) 
Figure 4.10 Schematic representation of two possible paths to lower excess surface 
energy during sintering: (a) pore coarsening (b) densification (from ref. [7]). 
 
By altering solvent exchange and aging temperature, we have successfully fabricated 
nanoporous disks with various pore sizes ranging from 11 nm to 44 nm (see Table 4.1). 
However, the specific surface area of these nanoporous samples is also different with 
larger surface area accompanying smaller pore size. To obtain similar surface area for 
samples with varying nanopore sizes, A, B, and C batches with smaller pore size and 
higher specific surface compared to D batch were further sintered to match the SSA of D 
batch samples at 37 m2/g. By generating a sintering profile for each pore size similar to 
porosity data in Fig 4.9, we determined that A, B, and C batches needed to be sintered for 
2 hours at 775 ºC, 755 ºC, and 740 ºC, respectively, in order to achieve approximately 
similar specific surface area of 37 m2/g. After this sintering step, nanopore size of A, B, 
and C were 6 ± 1 nm, 15 ± 2 nm, and 31 ± 2 nm with average surface area of 35 ± 2 m2/g.  
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Table 4.1 Summary of processing conditions leading to various nanopore sizes with 
similar specific surface area. 
 
 
 
In order to ensure that samples stay amorphous post-sintering, samples sintered for 2 
hours at 600C, 800C, and 900C were investigated by XRD analysis. XRD spectra shown 
in Fig. 4.11 suggest that nanorporous monolithic samples remain amorphous when 
sintered at 800C or below for 2 hours. However, samples sintered at 900C for 2 hours 
depict crystallinity with XRD peak positions corresponding to natural wollastonite (β-
CaSiO3) [18]. This observation is consistent with previous differential thermal analysis 
(DTA) by Jones, who determined that the onset (Tx) and the peak (Tp) crystallization 
temperatures of 70S30C glass are 845°C and 873°C, respectively [6]. 
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Figure 4.11 XRD spectra of 70S30C nanoporous disks sintered for 2 hours at different 
temperatures (wollastonite peaks designated as ‘W’ from ref. [18]). 
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4.6. Conclusions 
 
 We have developed a fabrication method for a monolithic, homogenous sol-gel-
derived bioactive glass with precise control over nanopore size and specific surface area. 
The mono-modal pore size was successfully increased to 44 nm by utilizing high pH and 
hydrothermal aging process. As pore size increase, specific surface area decrease. To 
obtain similar surface area, specimens with smaller pore size were subjected to 
temperature-dependent sintering process, which closes nanopores through densification. 
The final samples yielded four different nanopore sizes: 6 nm, 15 nm, 31 nm, and 44 nm, 
all with comparable specific surface area of ~36 m2/g. Final samples were shown to be 
crack-free, chemically homogeneous, fully amorphous, and comprised of only 
nanoporosity. This nanoporous platform of different nanopore sizes with similar surface 
area has been exploited in the studies on the role of nanoporosity exclusively on the 
formation of hydroxyapatite (HA) layer under physiological solution, critical for the 
optimization of protein adsorption and cellular response for hard tissue regeneration 
application. 
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Chapter 5 - Influence of nanopore size on 
hydroxyapatite formation and its microstructures 
 
5.1. Introduction 
 
Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is a naturally occurring, inorganic mineral 
abundantly found in hard tissues, i.e. bones and teeth. HA possesses a hexagonal crystal 
structure (Fig. 5.1), and, due to the symmetry of unit cell, HA crystals preferably grow 
along c-axis, naturally shaped as hexagonal rods [1, 2]. In the field of hard tissue 
regeneration, bioactivity of a material is measured by its ability to form HA under 
physiological conditions [3]. With chemical and crystallographic properties similar to 
that of bones, HA layer formed on bioactive glasses has been shown to be critical for the 
biological interaction and bonding between glass substrate and osteoblast (bone) cells [4].  
 
Figure 5.1 Hydroxyapatite unit cell (from ref. [5]). 
 
In the past decades, melt-quench 45S5 Bioglass® (46.1 mol% SiO2, 26.9 mol% CaO, 
24.5 mol% Na2O. and 2.5 mol% P2O5), introduced in late 1960s by Hench [3], has been 
studied widely because of its ability to readily form HA layer, leading to exceptional 
bone-bonding properties [6]. The superior bioactivity of 45S5 Bioglass® is contributed 
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by the strategic compositional features with its relatively low content of silica (SiO2) and 
high content of network modifiers Na2O and CaO. Hench proposed a series of reactions 
that leads to formation of HA on the surface of melt-quench 45S5 Bioglass® after 
immersion in physiological solution, i.e. simulated body fluid (SBF), as follows [7]:  
i. Rapid ion exchange reactions between glass network modifiers (Na+ and Ca2+) with 
H+ or H3O+ from SBF solution. This results in the formation of silanol (Si–OH) 
groups on the glass surface and higher pH due to consumption of H+ from the 
solution: 
   Si–O–Na + H+  Si–OH + Na+(aq) (eq. 5.1.1)   
 Si–O–Ca + 2H+  Si–OH + Ca2+(aq) (eq. 5.1.2)   
ii. Dissolution of SiO2 network in the form of silicic acid (Si(OH)4) and the continued 
formation of Si–OH on the glass surface: 
 Si–O–Si + H2O  Si–OH + HO–Si (eq. 5.1.3) 
iii. Condensation and repolymerization of amorphous SiO2 on Na/Ca-depleted glass 
surface, creating amorphous SiO2-rich layer. 
iv. Formation of amorphous calcium phosphate (ACP) layer on SiO2-rich film through 
the migration of soluble Ca2+ and PO34- from the continued dissolution of glass and 
pre-existing ions from SBF solution.   
v. Formation of HA via further growth and crystallization of ACP layer. 
Similar mechanism of reaction of similar sodium/calcium silicate glasses is expected. 
Since the formation of HA is dependent on the concentration of Ca2+, PO43-, OH-, and 
soluble species like Si(OH)4, the characteristics of HA layer are governed by the 
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dissolution behavior and the composition of the glass substrate. By introducing 
nanoporosity into glass structure via sol-gel process, the dissolution rate and HA growth 
rate on nanoporous sol-gel-derived glass are drastically enhanced compared to that of 
non-porous melt-quench glass substrate [8]. While faster HA growth on nanoporous 
glass, compared to non-porous glass, was hypothesized to be associated with greater 
specific surface area (SSA), a study by Peltola et al. argued that growth rate of HA layer 
on nanoporous glass is dominated by nanopore size distribution, and minimally affected 
by the bulk SSA of the underlying glass substrate [9]. Though empirical differences in 
HA formation behaviors between non-porous, melt-quench glass and nanoporous sol-gel-
derived glass have been presented in previous studies [8, 9], the effect of nanoporosity on 
the formation mechanism and characteristics of HA layer is still unclear. In this chapter, 
we describe a series of experiments that decouple the influence of nanopore size and SSA 
on HA formation through different nanopore sizes in homogeneous, monolithic substrates 
with similar SSA. In addition, we report direct evidence of the influence of nanopore size 
on HA formation and its microstructure.    
  
89 
 
5.2. Materials and methods 
 
Nanoporous, calcium-silicate-glass monoliths of 70mol% SiO2 – 30mol% CaO 
(70S30C) composition were fabricated via sol-gel powder-pressing method as described 
in Section 4.4.2. In order to exclude the influence of SSA, samples with various nanopore 
pore sizes with similar SSA were prepared as a model to study the nanotopographical 
effect on HA formation on nanoporous substrates. As shown in Table 4.1, the selected 
nanopore sizes with similar specific surface area were 6 ± 1 nm, 15 ± 2 nm, 31 ± 2 nm, 
and 44 ± 3 nm with SSA of 36 ± 2 m2/g.  
In order to induce formation of hydroxyapatite (HA), autoclave-sterilized 70S30C 
nanoporous monoliths were immersed and incubated in phosphate-buffered saline (PBS) 
solution at 37ºC, 5%CO2 – 95% air, and saturated humidity for 3 days. The PBS solution 
is calcium-free, water-based salt solution containing 137 mMol of sodium chloride 
(NaCl), 2.7 mMol of potassium chloride (KCl), 10 mMol of disodium hydrogen 
phosphate (Na2HPO4), and 1.8 mMol of potassium dihydrogen phosphate (KH2PO4). 
Ionic concentrations, Ca2+ and PO43-, and pH of the pre- and post-incubation PBS 
solutions were measured using Quantichrom assay kits (BioAssays Systems, Hayward, 
CA) and HI2210 pH meter (Hanna Instruments, Woonsocket, RI), respectively.  
After immersion in PBS, nanoporous samples were removed from PBS, quickly 
rinsed with deionized water, and dried in ambient air. The chemical composition and X-
ray diffraction (XRD) pattern of PBS-incubated samples were determined by a Scienta 
ESCA 300 X-ray photoelectron spectroscopy (XPS) with monochromatic Al-Kα X-rays 
(1486.6 eV), and Panalytical Empyrean X-ray Diffractometer with a Cu X-ray tube (45 
mA/40 kV) at a wavelength of 1.541 Å, respectively. XPS spectra were referenced to 
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C(1s) of adventitious carbon at 285.0 eV and were fitted with 70% Gaussian and 30% 
Lorentzian line shapes using CasaXPS processing software. Microstructure of the 
resulting HA layer on each nanopore size was investigated using a Zeiss 1550 scanning 
electron microscope (SEM). To quantify the thickness of HA layer, elemental maps of 
the cross-sections from PBS-incubated samples were obtained by energy dispersive 
spectroscopy (EDS). In order to further characterize the molecular structure of HA layer, 
attenuated total reflection fourier transform infrared (ATR-FTIR) spectra were also 
acquired from PBS-incubated samples with different nanopore sizes using Bruker Vertex 
70 spectrometer (Bruker Optics, Billerica, MA) equipped with a MVP Pro single 
reflection diamond crystal ATR accessory (Harrick Scientific, Pleasantville, 
NY).  ).  Spectra were acquired using a mercury cadmium telluride (MCT) detector from 
in the mid-infrared range of 650 cm-1 to 4000 cm-1 wavenumber by averaging 400 scans 
at 6cm-1 resolution and were reported in absorbance units by referencing to the spectrum 
of the bare ATR crystal. 
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5.3. Results 
 
5.3.1 XPS analysis of PBS-incubated nanoporous glass monoliths 
 
A representative XPS spectrum of a PBS-incubated nanoporous glass monolith 
shows the presence of O, Ca, P, Na, Cl, F, and Ca, as illustrated in Fig. 5.2. As previously 
mentioned in Section 5.2, Na, Cl, and P came from PBS solution, and the presence of F is 
from the use of HF as a gelation catalyst in sol-gel process stated in Section 4.2.1. Silicon 
(Si), the main component of the underlying nanoporous glass, was not detected by XPS 
on PBS-incubated samples. Since the presence of carbon (C) is in the form of 
adventitious hydrocarbon contamination caused by the exposure of ambient air to the 
samples prior to the XPS analysis, the peak positions were referenced and calibrated to 
the C(1s) binding energy of C-C/C-H at 285.0 eV [10]. Chemical compositions of the 
layer formed on the surface of different nanopore sizes after 3-day PBS incubation are 
reported in Table 5.1.  
 
Figure 5.2 Representative XPS spectrum of a PBS-incubated nanoporous glass monolith. 
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Table 5.1 Composition of hydroxyapatite (HA) layer formed on different nanopore sizes 
with similar specific surface area by XPS analysis. 
 
Sample 
Composition in at% 
O Ca P Na F Cl C 
6-nm pore size 50.8 ± 5.1 17.9 ± 1.8 11.1 ±1.1 3.6 ± 0.4 7.1 ± 0.7 1.9 ± 0.2 7.6 ± 0.8 
15-nm pore size 51.8 ± 5.2 18.2 ± 1.8 11.5 ±1.2 3.4 ± 0.3 6.8 ± 0.7 1.2 ± 0.1 7.1 ± 0.7 
31-nm pore size 51.5 ± 5.2 18.1 ± 1.8 11.2 ± 1.1 3.5 ± 0.4 7.0 ± 0.7 1.4 ± 0.1 7.3 ± 0.7 
44-nm pore size 51.3 ± 5.1 18.4 ± 1.9 11.1 ± 1.1 3.1 ± 0.3 6.9 ± 0.7 1.5 ± 0.2 7.7 ± 0.8 
 
The deconvoluted C(1s), Na(1s), F(1s), Cl(2p) , O(1s), Ca(2p), and P(2p) spectra of 
PBS-incubated samples with different nanopore sizes are shown in Fig. 5.3, Fig. 5.4, Fig. 
5.5, Fig. 5.6, Fig. 5.7, Fig. 5.8, and Fig. 5.9, respectively. The core level binding energy 
with designated compounds and average amount in at% present on PBS-incubated 
samples with different nanopore sizes are summarized in Table 5.2. The deconvoluted 
C(1s) spectra (Fig. 5.3) depict three distinct peaks located at 285 ± 0.0 eV (used as the 
binding energy reference), 286.1 ± 0.1 eV, and 289.4 ± 0.1 eV which are consistent with 
the binding energies of C(1s) of C-C/C-H [10], C-O [11], and O-C=O [12], respectively. 
The C-C/C-H and C-O peaks are due to hydrocarbon contamination, and the O-C=O peak 
indicates the presence of carbonate groups. By analyzing the area under the peak of each 
carbon species in the deconvoluted C(1s) core spectra, the compositions of various 
carbon species are 5.2 ± 0.5 at% in the form of C-C/C-H, 1.2 ± 0.5 at% in the form of C-
O, and 1.2 ± 0.2 at% in the form of O-C=O (carbonate groups). 
The deconvoluted Na(1s) spectra (Fig. 5.4) depict a single peak at 1072.0 ± 0.1 eV 
which corresponds to the binding energy of Na(1s) of NaH2PO4 [13]. The deconvoluted 
F(1s) spectra (Fig. 5.5) show a single peak at 684.8 ± 0.1 eV, which agrees with the 
binding energy of F(1s) in CaF2 [14]. Due to two different electron spins within 2p 
orbital, the deconvoluted Cl(2p) spectra (Fig. 5.6) exhibit two distinct peaks at 200.5 ± 
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0.1 eV and 199.0 ± 0.1 eV, which are assigned to Cl(2p1/2) and Cl(2p3/2), respectively. 
The main Cl(2p3/2) binding energy peak at 199.0 eV corresponds to the Cl in CaCl2 [15]. 
It is worth noting that, although Na+ ions in PBS solution can compete with Ca2+ ions to 
form NaF and NaCl, the Gibbs free energy of formation (∆Gf) of CaF2 (-1111 kJ/mol) 
and CaCl2 (-816 kJ/mol ) are lower than ∆Gf values of NaF (-541 kJ/mol) and NaCl (-393 
kJ/mol)[16], thus, favoring the formation of CaF2 and CaCl2 as suggested by XPS 
analysis. 
The deconvoluted O(1s) spectra (Fig. 5.7) depict two distinct peaks located at 532.2 
± 0.1 eV and 531.4 ± 0.1 eV. The O(1s) peak at 532.2 eV agrees with the binding energy 
of O(1s) of NaH2PO4[13].  The O(1s) peak at 531.4 eV is in agreement with the O(1s) 
binding energy of hydroxyapatite or HA (Ca10(PO4)6(OH)2) [17]and carbonated 
hydroxyapatite or CHA [12], which can be either Type-A CHA, wherein CO32- substitute 
for OH- (Ca10(PO4)6(CO3)x(OH)2-2x) [18, 19], or Type-B CHA, wherein CO32- substitute 
for PO43- (Ca10(PO4)6-[2x/3](CO3)x(OH)2) [20, 21]. Since the binding energy of Na(1s) at 
1072.0 eV obtained from the XPS spectra of PBS-incubated samples does not correspond 
to the presence of Na2CO3 with Na(1s) binding energy of 1071.5 eV [22], it can be 
assumed that all carbonate groups are incorporated in CHA. By balancing the content of 
detected elements, CHA found in this work is derived to be Type B with the chemical 
formula of (Ca10(PO4)2(CO3)6(OH)2). The average molar ratio of HCA to HA is 
approximately 0.19 ± 0.03.  By analyzing the area under the peak of each oxygen species 
in the deconvoluted O(1s) core spectra, there are 13.6 ± 0.9 at% of oxygen in NaH2PO4 
and 36.7 ± 1.0 at% of oxygen in HA/CHA form. 
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The deconvoluted Ca(2p) spectra depict two distinct peaks at 347.7 ± 0.1 eV and 
351.3 eV ± 0.1 eV, which are assigned to Ca(2p3/2) and Ca(2p1/2), respectively. The 
binding energy of Ca(2p3/2) at 347.7 eV is comparable with the Ca in CaF2 [14], CaCl2 
[15], HA (Ca10(PO4)6(OH)2) [17] and Type-B CHA (Ca10(PO4)2(CO3)6(OH)2) [12]. The 
deconvoluted P(2p) spectra depict two distinct peaks at 133.9 eV ± 0.1 eV and 134.9 ± 
0.1 eV which are assigned to P(2p3/2) and P(2p1/2), respectively. The binding energy of 
P(2p3/2) at 133.9 eV corresponds to the P in HA (Ca10(PO4)6(OH)2) [17], Type-B CHA 
(Ca10(PO4)2(CO3)6(OH)2) [12], and NaH2PO4[13].  
Based on the deconvolution of measured core spectra, there are six chemical 
compounds present on the surface of nanoporous samples after 3-day PBS incubation:  
adventitious hydrocarbon, NaH2PO4, CaF2, CaCl2, HA (Ca10(PO4)6(OH)2), and CHA 
(Ca10(PO4)2(CO3)6(OH)2). The XPS binding energies derived from the deconvolution of 
the core spectra of detected elements were indistinguishable for all HA layers formed on 
nanoporous monoliths with different nanopore sizes, indicating that they consist of the 
same chemical compounds.  
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Figure 5.3 Deconvoluted C(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Figure 5.4 Deconvoluted Na(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
  
  
97 
 
 
 
Figure 5.5 Deconvoluted F(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Figure 5.6 Deconvoluted Cl(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Figure 5.7 Deconvoluted O(1s) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Figure 5.8 Deconvoluted Ca(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Figure 5.9 Deconvoluted P(2p) XPS spectra of PBS-incubated 70S30C glass with 
nanopore size of (a) 6 nm, (b) 15 nm, (c) 31 nm, and (d) 44 nm. 
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Table 5.2 Summary of the binding energy and the corresponding peak assignment of 
detected elements at its core level for PBS-I ncubated samples with different nanopore 
sizes. 
 
  
Core 
Level 
Binding Energy (eV) Average 
Content 
(at%) 
Peak Assignment 
6 nm 15 nm 31 nm 44 nm 
C(1s) 
285.0 285.0 285.0 285.0 5.2 ± 0.5 C-C/C-H [10] 
286.0 286.0 286.0 286.2 1.2 ± 0.5 C-O [11] 
289.5 289.5 289.3 289.4 1.2 ± 0.2 O-C=O [12] 
O(1s) 
531.4 531.4 531.4 531.5 36.7 ± 1.0 
HA(Ca10(PO4)6(OH)2)[17] 
Type-B CHA 
(Ca10(PO4)2(CO3)6(OH)2)[12] 
532.2 532.1 532.1 532.2 13.6 ± 0.9 NaH2PO4 [13] 
Ca(2p3/2) 347.7 347.7 347.5 347.8 18.2 ± 0.2 
CaF2[14] 
CaCl2[15] 
HA(Ca10(PO4)6(OH)2)[17] 
Type-B CHA 
(Ca10(PO4)2(CO3)6(OH)2)[12] 
P(2p3/2) 133.9 133.8 133.8 133.9 11.2 ± 0.2 
NaH2PO4 [13] 
HA(Ca10(PO4)6(OH)2)[17] 
Type-B CHA 
(Ca10(PO4)2(CO3)6(OH)2)[12] 
Na(1s) 1071.9 1071.9 1072.0 1072.0 3.5 ± 0.1 NaH2PO4 [13] 
F(1s) 684.8 684.9 684.8 684.8 7.0 ± 0.1 CaF2[14] 
Cl(2p3/2) 198.9 199.0 199.0 199.0 1.5 ± 0.3 CaCl2[15] 
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5.3.2 ATR-FTIR analysis of PBS-incubated nanoporous glass monoliths 
 
In order to further identify the molecular structure of HA, ATR-FTIR spectroscopy 
was performed on PBS-incubated samples with different nanopore sizes. ATR-FTIR 
spectra of HA layer formed on 6-nm, 15-nm, 31-nm, and 44-nm are shown in Fig. 
5.10(a), 5.10(b), 5.10(c), and 5.10(d), respectively. Six characteristic absorbance peaks 
are observed on HA layer formed on all nanopore sizes: 3295 ± 15 cm-1, 1637 ± 5 cm-1, 
1463 ± 5 cm-1, 1418 ± 5 cm-1, 1008 ± 7 cm-1, and 869 ± 4 cm-1. The absorbance peaks at 
3295 cm-1 and 1637 cm-1 are attributed to the stretching vibration and the bending 
vibration of OH groups, respectively, which are due to the presence of HA/CHA and 
adsorbed water residues [23, 24]. The absorbance peak at 1016 cm-1 corresponds to the 
antisymmetric stretching vibration (ѵ3) of PO43- molecules in HA/CHA and NaH2PO4 
[25]. The absorbance peaks at 1463 cm-1 and 1418 cm-1 are attributed to asymmetric 
stretching vibration (ѵ3) of CO32-, while the absorbance peak at 869 cm-1 is attributed to 
bending vibration (ѵ2) of CO3-2 [26]. 
CO32- molecules present in CHA can either substitute OH- sites (Type-A CHA) or 
PO43- sites (Type-B CHA), as discussed in Section 5.3.1. The positions of ѵ3(CO32-) 
peaks can be shifted depending on which sites CO32- substitutes in the apatite lattice [27]. 
The ѵ3(CO32-) peaks of Type-A CHA were previously reported at 1546 cm-1 and 1465 
cm-1, and those of Type-B CHA were shown to be at 1465 cm-1 and 1413 cm-1[28]. While 
ѵ3(CO32-) in both types of CHA have a common position at 1465 cm-1, the ѵ3 peaks 
locating at 1546 cm-1 and 1413 cm-1 are characteristic of Type-A CHA and Type-B CHA, 
respectively. Since ATR-FTIR spectra of all PBS-incubated samples depict strong ѵ3 
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absorbance of CO32- at 1465 cm-2 and 1418 cm-1, Type-B CHA presence on PBS-
incubated nanoporous glass monoliths is confirmed. 
 
Figure 5.10 ATR FTIR spectra of PBS-incubated nanoporous glass monoliths with (a) 6-
nm, (b) 15-nm, (c) 31-nm, and (d) 44-nm nanopore sizes. 
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5.3.3 XRD analysis of PBS-incubated nanoporous glass monoliths 
 
XRD patterns of HA/CHA formed on 6-nm, 15-nm, 31-nm, and 44-nm pore sizes are 
shown in Fig. 5.11(a), 5.11(b), 5.11(c), and 5.11(d), respectively. The XRD patterns of 
nanoporous samples with different nanopore sizes after 3-day PBS incubation depict five 
main peaks at the angular positions (2θ) of 25.9º, 31.8º, 32.9º, 49.5º, and 53.1º, all of 
which corresponds to (002), (211), (300), (213), and (004) reflection planes of 
stoichiometric hydroxyapatite standard from the Joint Committee on Powder Diffraction 
Standards (JCPDS) data base, card number 09-0432 (Fig. 5.10(e)). Since CHA and HA 
share a similar XRD patterns due to their resemblance in crystal structure [29], the XRD 
patterns of PBS-incubated nanoporous monoliths confirm the predominance of HA/CHA 
deduced from XPS compositional analysis. In addition, there are two minor peaks in 
XRD patterns of PBS-incubated nanoporous glass monoliths at 2θ = 28.0º and 29.2º, 
which correspond to (121)-plane reflections of NaH2PO4 and (111)-plane reflections 
CaF2/CaCl2, respectively. The XRD reference patterns of CaF2, CaCl2, and 
NaH2PO4.H2O were obtained from International Center for Diffraction Data (ICDD) with 
Powder Diffraction File (PDF) number as follows: PDF-00-004-0864 (Fig. 5.11 (f)), 
PDF-00-024-0223 (Fig. 5.11(g)), and PDF-00-011-0651 (Fig. 5.11(h)), respectively.  
Moreover, HA/CHA crystalline size (t(hkl)) was calculated by peak broadening 
analysis using the Scherrer equation [30,31]: 
 𝑡(ℎ𝑘𝑙 ) =
0.9𝜆
𝐵 cos 𝜃(ℎ𝑘𝑙)
 (eq. 5.3.1) 
where 𝜆 is the wavelength of the monochromatic X-ray beam (1.541 Å), B is the full 
width at half maximum (FWHM) in radians, 𝜃(ℎ𝑘𝑙) is the location of the (hkl) peak. By 
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using the (002) diffraction peaks at 2θ(002) = 25.9º, HA/CHA crystallite sizes formed on 
6-nm, 15-nm, 31-nm, and 44-nm samples were 0.37 nm, 0.93 nm, 1.11 nm, and 0.56 nm, 
respectively.  
 
 
Figure 5.11 X-ray diffraction (XRD) patterns of HA/CHA formed on: (a) 6-nm pore size 
(b) 15-nm pore size (c) 31-nm pore size (d) 44-nm pore size (e) XRD reference pattern of 
hydroxyapatite (JCPDS #09-0432) (f) XRD reference pattern of CaF2 (ICDD-PDF#00-
004-0864) (g) XRD reference pattern of CaCl2 (ICDD-PDF#00-024-0223), and (h) XRD 
reference pattern of NaH2PO4.H2O(ICDD-PDF#00-011-0651).  
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5.3.4 Thickness and microstructure of PBS-incubated nanoporous glass 
monoliths 
 
Cross-sectional backscattered electron (BSE) micrographs and corresponding EDS 
elemental maps for Ca, P, and Si of PBS-incubated nanoporous glass monoliths are 
shown in Fig. 5.12. Due to its higher molar mass, HA/CHA layers in BSE micrographs 
appear as a relatively brighter region compared to the underlying nanoporous glass 
substrate. HA/CHA layer is identified by the coexistence of Ca and P signals in the same 
region in EDS elemental maps, and the nanoporous glass substrate is recognized by 
strong Si signal. The contiguous coverage of surface by HA/CHA layer is clearly seen in 
these micrographs.  
For 6-nm, 15-nm, and 31-nm pore sizes, there is no overlap of HA/CHA layer (Ca 
and P) and Si in EDS elemental maps, indicating that HA/CHA was formed only on the 
surfaces of nanoporous glass substrates. On the contrary, for 44-nm pore size, there are 
two different HA/CHA layers: ‘Pure HA/CHA’ where HA/CHA formed on the surface of 
glass substrates and ‘HA/CHA+Glass’ where HA/CHA incorporated into the nanopores 
of glass substrates. ‘Pure HA/CHA’ layer with an overlap of only Ca and P is 
approximately 0.7 µm thick, while ‘HA/CHA+Glass’ layer with an overlap of Ca, P, and 
Si is approximately 3.0 µm thick. The thicknesses of HA/CHA layer formed on the 
surfaces of nanoporous glass monoliths with 6-nm, 15-nm, 31-nm, and 44-nm pore sizes 
are 1.5 µm, 2.1 µm, 2.7 µm, and 0.7 µm, respectively. The overall growth rate of 
HA/CHA layer over the PBS-incubation period can be ranked according to the thickness 
of HA/CHA layer on the surfaces of nanoporous glasses, excluding the thickness of 
‘HA/CHA+Glass’ layer caused by HA/CHA incorporation into the nanopores as seen in 
44-nm samples. The average growth rates of surface-deposited HA layer for 6-nm, 15-
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nm, 31-nm, and 44-nm are 0.5 ± 0.1 µm/day, 0.7 ± 0.2 µm/day, 0.9 ± 0.2 µm/day, and 0.2 
± 0.1 µm/day, respectively. Therefore, nanopore sizes that provide the slowest to the 
fastest overall growth rate of HA are 44-nm, 6-nm, 15-nm, and 31-nm pore sizes. 
 
 
Figure 5.12 Cross-sectioned PBS-incubated nanoporous monoliths presented by 
backscattered electron (BSE) micrographs and its corresponding EDS elemental maps for 
Ca, P, and Si (scale bar = 5 µm). 
 
Four distinct microstructures of HA/CHA layer on the surfaces of samples with 
different nanopore sizes were observed by SEM (see Fig. 5.13). HA/CHA 
microstructures depicting long needles (LN), plates (PL), flowers (FW), and short needles 
(SN) were found on the surfaces of PBS-incubated samples with 6-nm, 15-nm, 31-nm, 
and 44-nm pore sizes as seen in Fig. 5.13(a), 5.13(b), 5.13(c), and 5.13(d), respectively. 
HA/CHA microstructures also correlate with the overall growth rate. As the overall 
growth rate increases, HA/CHA microstructure evolves from short-needle, to long-
needle, to plate-like, and then to flower-like appearance, respectively.  
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Figure 5.13 SEM micrographs of HA/CHA layer formed on nanoporous glass monoliths 
with (a) 6-nm (b) 15-nm, (c) 31-nm, and (d) 44-nm pore size and SSA of 36 m2/g, 
yielding long-needle (LN), plate-like (PL), flower-like (FW), and short-needle (SN), 
respectively (scale bar = 1 µm). 
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5.3.5 Ion concentration and pH of PBS solution before and after 
incubation 
 
Since the dissolution behavior of glass is critical to HA/CHA formation, the 
concentrations of calcium (Ca2+) and phosphate (PO43-) ions and pH of PBS were 
measured before and after exposure to glass monoliths with different nanopore sizes (see 
Fig. 5.14). Calcium, which is not a part of initial PBS, was detected in PBS after 
exposure to nanoporous glasses along with higher pH. On the other hand, phosphate 
concentrations in the post-incubation PBS were lower compared to the initial PBS. 
Furthermore, pH and calcium concentrations in the post-incubation PBS rise as the 
size of nanopores increases; however, phosphate concentration after exposure to 
nanoporous glasses decreases with larger nanopore sizes. The pH of PBS solutions after 
3-day incubation of nanoporous samples, shown in Fig. 5.14(a), was 8.64 ± 0.04, 8.67 ± 
0.05, 8.72 ± 0.06, and 8.77 ± 0.05 for 6-nm, 15-nm, 31-nm, and 44-nm nanoporous 
samples, respectively, higher than pH of pre-incubation PBS at 7.46 ± 0.05. While the 
pre-incubation PBS was calcium-free, calcium concentration in post-incubation PBS for 
samples with 6-nm, 15-nm, 31-nm, and 44-nm pore sizes was 3.7 ± 0.8 mM, 7.3 ± 1.3 
mM, 15.2 ± 1.9 mM, and 18.4 ± 1.3 mM, respectively (see Fig. 5.14(b)). Phosphate 
concentration in post-incubation PBS for samples with 6-nm, 15-nm, 31-nm, and 44-nm 
pore sizes, illustrated in Fig. 5.14(c), was 7.3 ± 0.5 mM, 6.1 ± 0.4 mM, 3.8 ± 0.3 mM, 
and 2.7 ± 0.3 mM, respectively, all of which were less than the pre-incubation phosphate 
concentration of 8.5 ± 0.3 mM. Since all nanopore sizes possess similar SSA, these 
results suggest that diffusion of dissolved Ca2+, a byproduct of ion exchange and 
dissolution reactions of nanoporous glass substrate, and the removal of phosphate ions 
from PBS due to HA/CHA formation are determined by the size of nanopores. 
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Figure 5.14 PBS conditions before and after incubation of nanoporous glass monoliths 
with different nanopore sizes and similar specific surface area:  
(a) pH (b) calcium concentration (c) phosphate concentration. 
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5.4. Discussion 
 
5.4.1 Influence of nanopore size on HA/CHA formation pathway 
 
The formation of HA/CHA on 70S30C nanoporous glass monoliths after immersion 
in PBS is confirmed by XPS and XRD as shown in Section 5.3.1. The type and chemical 
formula of CHA were deduced to be of Type-B CHA (i.e. Ca10(PO4)2(CO3)6(OH)2) by 
balancing the atomic concentration of each element detected by XPS, with the 
assumption that all CO32- molecules were incorporated in apatite lattice during HA/CHA 
formation. This assumption is based on the lower Gibbs free energy of formation of 
CaCO3 compared to that of Na2CO3 since there are only two anions, Ca2+ and Na+, 
available to react with CO32- in PBS solution during HA/CHA formation [32]. ATR-FTIR 
spectra of PBS-incubated samples with different nanopore sizes also suggest the presence 
of Type-B CHA by the position of ѵ3(CO32-) band at 1418 cm-1, as shown in Section 
5.3.2 [28]. The ATR-FTIR spectra also indicates the absence of Type-A CHA which 
would have produced an absorbance peak for ѵ3(CO32-) at 1546 cm-1 [28]. 
During PBS incubation of nanoporous glass monoliths, there were two pathways of 
HA/CHA formation, depending on the size of nanopores: HA/CHA surface deposition 
and HA/CHA incorporation into nanopores. In the case of HA surface deposition as 
shown in Fig. 5.15(a), HA/CHA forms only at the surface of the nanoporous glass 
monoliths. This was observed on samples with 6-nm, 15-nm, and 31-nm pore sizes, 
where the cross-sectional EDS elemental maps, as depicted in Fig 5.12, show no overlap 
between Ca and P signals from the HA/CHA formation with Si signal from the 
underlying glass substrates. If the nanopore size is sufficiently large (e.g. 44 nm), 
HA/CHA can also form within the nanopore network, resulting in HA/CHA 
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incorporation deep inside. Since HA/CHA deposition can take place on the surface of 
nanoporous monoliths regardless of nanopore size, there are two layers of HA/CHA 
created in the case of HA/CHA incorporation pathway: HA/CHA surface-deposited layer 
and HA/CHA incorporated layer, as shown in Fig. 5.15(b). This case was observed on 
44-nm samples after PBS incubation. According to the cross-sectional EDS elemental 
maps of PBS-incubated 44-nm samples shown Fig. 5.12, the surface-deposited HA/CHA 
layer corresponds to the ‘Pure HA/CHA’ layer which consists of only Ca and P signals, 
and the HA/CHA-incorporated layer corresponds to the ‘HA/CHA+Glass’ layer which 
shows an overlap of Ca and P from HA/CHA formation with Si signal from the 
underlying glass substrate, indicating that HA/CHA formed within nanopore network.  
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(a) 
 
(b) 
Figure 5.15 Schematic drawings of the two pathways of HA/CHA formation: (a) 
HA/CHA surface deposition seen on 6-nm, 15-nm, and 31-nm nanoporous samples (b) 
HA/CHA incorporation seen on 44-nm nanoporous samples. 
 
HA/CHA formation is dependent on the presence of both Ca2+ and PO43- in the 
solution to be present at the forming surface. During the glass dissolution process, Ca2+ 
ions are readily supplied by ion exchange reaction for HA/CHA formation at the interface 
between glass network and PBS shown in eq. 5.1.2, thus, the parameter that determines 
where HA/CHA can form is the availability of PO43- ions. The differences between the 
two pathways of HA formation are caused by the pore-size limited diffusion of PO43- 
ions. We may anticipate two phenomena occurring during glass dissolution and HA/CHA 
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formation, which could cause pore-size dependent restriction on the diffusion of PO43- 
ions: electrostatic screening of ions and clogging of nanopores.  
The electrostatic screening is caused by the negatively charge surface due to the 
formation of silanol (Si-OH) during the glass dissolution process, as given by eq. 5.1.3. 
As pH in PBS increases during ion exchange process eq. 5.1.2, Si–OH undergoes a 
dissociation equilibrium reaction with OH- as follows [33]: 
 Si–OH + OH- ⇌ Si–O- + H2O (eq. 5.4.1) 
The layer of Si–O- creates a negative electric field inside nanopores, making the effective 
pore size (Deffective), seen by PO43- molecules, smaller than the actual nanopore size 
(Dactual), as shown in Fig. 5.16.  The expanse of the electrostatic screening can be 
expressed as the Debye length (λD) which is a measure of the distance over which 
electrostatic forces decay in an electrolyte solution [34]. The Debye length is inversely 
proportional to the square root of the ionic strength of the electrolyte solution and is 
written as follows [34]: 
λ𝐷 = √
𝜀𝑟𝑘𝐵𝑇
2𝐼
 
where 𝜀𝑟 is the relative permittivity of the electrolyte solution, 𝑘𝐵 is the Boltzmann 
constant, T is the absolute temperature of the electrolyte solution, and I is the ionic 
strength of the electrolyte solution. For PBS solution at pH 7.4, 𝜀𝑟 = 80 and I = 162.7 
mMol [35]. The Debye screening length is approximately 1 nm. Since the ionic diameter 
of hydrated PO43- in aqueous solution is only 0.678 nm [36], the Deffective (Dactual- λD) for 
all nanopore sizes is still significantly larger than the size of hydrated PO43- molecules 
which should not be able to prevent the diffusion of PO43- into the nanopore network. 
116 
 
Hence, the electrostatic screening effect, though cannot be neglected, does not play a 
major role in creating the restriction of phosphate ions diffusion into the nanopores of our 
samples.   
 
 
Figure 5.16 A schematic drawing of nanopores during the dissolution of glass covered 
with silanol (Si–OH) and negatively charged Si–O-, making the effective nanopore size 
(Deffective) appeared to negatively charged molecules (such as PO43-) smaller than  
the actual nanopore size (Dactual). 
The other phenomenon that can restrict the diffusion of PO4-3 ions is the clogging of 
nanopores due to HA/CHA formation and growth. Chronological representations of 
HA/CHA formation and growth during PBS incubation for small and large nanopore 
sizes are shown in Fig. 5.17 and Fig. 5.18 respectively. As PBS comes in contact with 
70S30C nanoporous glass monoliths, calcium within glass structure dissolves as Ca2+ 
ions into the solution through ion exchange process, as illustrated in Fig. 5.17(a) and 
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5.18(a). Since PO43- ions are readily available in PBS, the adsorption of amorphous 
calcium phosphate (ACP) begins on the top surface of nanopore network (Fig. 5.17(b) 
and Fig. 5.18(b)). HA/CHA layer is then formed via the crystallization of ACP. At the 
early stage of HA/CHA formation, PO43- ions can freely move into the nanopores which 
causes HA/CHA to grow along the throats of nanopores at the same rate as on the top 
surface, thereby narrowing the openings of nanopores (Fig. 5.17(c) and Fig. 5.18(c)).  
With relatively small nanopore sizes, the growth of HA/CHA layer quickly clogs the 
openings of nanopores, as illustrated in Fig 5.17(d). Since it is more difficult for ions to 
travel through solid medium compared to liquid medium, the diffusion of both Ca2+ and 
PO43- ions is restricted by HA/CHA layer covering the openings of nanopores. However, 
the reduction in diffusivity of PO43- ions due to HA/CHA coverage of nanopore openings 
can be order of magnitude higher than that experienced by Ca2+ ions. This is because 
hydrated PO43- ions with 0.678 nm in diameter [36], is approximately three times larger 
than hydrated Ca2+ ions, 0.233 nm in diameter [37]). Also, PO43- ions have a higher total 
free charge which can lead to higher degree of restriction by electrostatic screening effect 
compared to Ca2+ ions. Hence, Ca2+ ions can readily diffuse into PBS, while PO43- ions 
cannot easily enter the nanopore network, causing HA/CHA to grow only on the top 
surface of the nanoporous monoliths after HA/CHA coverage of the nanopore openings, 
as illustrated in Fig 5.17(e) and 5.17(f). This case is previously referred to as HA/CHA 
surface deposition pathway (Fig. 5.15(a)), observed on 6-nm, 15-nm, and 31-nm 
nanoporous samples.  
On the other hand, with larger nanopore sizes, the growth of HA/CHA layer takes 
longer to fully clog the openings of nanopores compared to the case of smaller nanopore 
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sizes. This allows PO43- ions to enter nanopores and form HA/CHA within the nanopore 
network (Fig. 5.18(c) and 5.18(d)). As previously discussed, because the diffusion of 
PO43- into nanopore network is more severely hindered by HA/CHA layer compared to 
that of Ca2+, after HA/CHA fully covers the nanopore openings, HA/CHA layer only 
continues to grow on the surface-deposited layer as depicted in Fig. 5.18(e) and 5.18(f). It 
is worth noting that the depth of which HA/CHA can form inside the nanoporous 
monoliths is governed by how quickly the nanopore openings is covered by HA/CHA 
layer; therefore, the thickness of HA/CHA incorporation layer is ultimately dependent on 
the size of nanopores. This latter case is referred to as HA/CHA incorporation pathway 
(Fig. 5.15(b)), where both surface deposition and incorporation of HA/CHA were 
observed on 44-nm nanoporous samples. It should also be noted that the clogging may 
never happen and might still be in the stage of HA/CHA clogging shown in Fig 5.18(e) 
since the HA incorporation layer as observed on 44-nm samples is significantly thicker 
than the surface-deposited layer. Therefore, we expect the HA/CHA incorporation to 
continue growing deeper inside the nanoporous monoliths if the PBS incubation period 
were to continue beyond 3 days. 
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Figure 5.17 Chronological representation of HA/CHA formation and growth on relatively 
small nanopores as observed on HA/CHA surface deposition pathway: (a) PO43- ions 
from PBS encounters dissolved Ca2+ at the top surface as PBS first comes into contact 
with nanoporous glass monoliths (b) amorphous calcium phosphate (ACP) begins to 
adsorb on the top surface of the nanoporous glass monoliths (c) HA/CHA forms via 
crystallization of ACP and grows along the throats of nanopores, narrowing the openings 
of nanopores (d) HA/CHA layer starts to fully cover the openings of nanopores (e) 
HA/CHA layer fully clogs the openings of nanopores, restricting PO43- from entering the 
nanopores while allowing Ca2+ to diffuse into PBS (f) HA/CHA continues to grow only 
on the top surface of the nanoporous glass monoliths after HA/CHA fully clogs the 
nanopore openings. 
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Figure 5.18 Chronological representation of HA/CHA formation and growth on relatively 
large nanopores as observed on HA/CHA incorporation pathway: (a) PO43- ions from 
PBS encounters dissolved Ca2+ at the top surface as PBS first comes into contact with 
nanoporous glass monoliths (b) amorphous calcium phosphate (ACP) begins to adsorb on 
the top surface of the nanoporous glass monoliths (c) HA/CHA forms via crystallization 
of ACP and grows along the throats of nanopores (d) nanopore openings becomes 
progressively narrower as HA/CHA forms inside the nanopores (e) HA/CHA layer on the 
top surface begins to clog the openings of nanopores, slowing down the diffusion of 
PO43- ions into the nanopores (f) HA/CHA layer fully clogs the openings of nanopores, 
allowing HA/CHA to continue growing only on the top surface of nanoporous glass 
monoliths. 
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The nanopore size not only determines the pathway of HA/CHA formation, but also 
affects the transport of ion-exchanged Ca2+ ions required for the HA/CHA formation. 
Since PO43- molecules are not able to diffuse into nanopores in the case of HA/CHA 
deposition pathway seen in 6-nm, 15-nm, and 33-nm pore sizes, HA/CHA deposits only 
on the external surface where PO43- ions are freely available. Then the growth rate is 
exclusively determined by the transport rate of Ca2+ through nanopores. As nanopore size 
increases from 6 nm to 31 nm, Ca2+ transport becomes less restricted, resulting in higher 
concentration of Ca2+ ions in PBS after incubation (Fig. 5.14(b)), faster consumption rate 
of PO43- (Fig. 5.14(c)), and thicker surface-deposited HA layer (Fig. 5.12). On the other 
hand, because PO4-3 molecules were able to diffuse into 44-nm nanopores, PO43- readily 
reacted with Ca2+ inside the nanopores to form HA/CHA, resulting in relatively lower 
PO43- concentration available at the surface of nanoporous monoliths compared to other 
nanopore sizes. This also causes Ca2+ ions to diffuse much further from deep inside 
samples where they are also consumed by the formation of HA/CHA incorporation layer. 
Hence, despite having the largest nanopores and the highest concentration of Ca2+ in 
post-incubation PBS, 44-nm samples had the thinnest surface-deposited HA/CHA layer 
and the slowest HA/CHA growth rate among the four nanopore sizes, as seen in Fig. 
5.12. 
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5.4.2 HA/CHA microstructure development 
 
Furthermore, it was found that, as the overall growth rate of HA/CHA increases, its 
microstructure evolves from needle-like, to plate-like, and to flower-like microstructure. 
At a relatively slow growth rate, needle-like microstructures were observed on 6-nm and 
44-nm nanoporous samples with the overall growth rate of 0.5 ± 0.1 µm/day and 0.2 ± 
0.1 µm/day, respectively. With higher overall growth rate of 0.7 ± 0.2 µm/day from 15-
nm nanoporous samples and 0.9 ± 0.2 µm/day from 31-nm nanoporous samples, plate-
like and flower-like HA/CHA microstructure were found, respectively. The influence of 
growth rate on HA/CHA microstructures can be explained by the following mechanism.  
At slow HA/CHA overall growth rate under equilibrium condition with just enough 
supply of Ca2+ and PO43- for HA/CHA formation, the growth rate of HA/CHA crystal in 
[0001] direction (along the c-axis) dominates, with a much slower rate within the basal 
plane [1, 2]. As a result, long hexagonal rods or needles surrounded by stable (1100) 
planes of HA crystals are formed under near-equilibrium condition as illustrated in Fig. 
5.19(a).  At intermediate overall growth rate with low supersaturation of Ca2+ and PO43- 
supply, the growth condition of HA/CHA shifts to kinetic-controlled crystal growth, 
where the fluctuation of Ca2+ and PO43- supply favors one growth direction along a-axis 
over the other, leading to single-direction growth distortion in basal plane. Since the 
growth rate of narrow faces is higher than the larger faces due to a smaller required 
amount of supply per unit area, the single-direction distortion in basal plane is enhanced 
as HA/CHA crystals continue to grow, and plate-like microstructure is consequently 
formed as seen Fig. 5.19(b). At fast overall HA/CHA growth rate with high degree of 
supersaturation, multiple growth directions along a-axis can be favored over few others 
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under kinetic-controlled condition, leading to multi-direction growth distortion of 
HA/CHA crystals in basal plane. As distorted HA/CHA crystals continue to grow with 
faster growth rate over narrower faces compared to larger faces, the enhanced, multi-
direction distortion results in the formation of flower-like microstructure as illustrated in 
Fig 5.19(c).  
 
 
Figure 5.19 Schematic illustrations of the influence of HA/CHA growth rate on its 
microstructures: (a) equal growth rate in all directions in basal plane under equilibrium 
condition at slow overall HA/CHA growth rate, resulting in needle-like microstructure 
(b) single-direction growth distortion in basal plane under kinetic-controlled condition at 
intermediate HA/CHA overall growth rate, resulting in plate-like microstructure (c) 
multi-direction growth distortion in basal plane under kinetic-controlled condition at fast 
HA/CHA overall growth rate, resulting in flower-like microstructure.  
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5.5. Conclusions 
 
Here, we report the influence of nanopore size on HA/CHA formation pathway, 
growth rate, and its microstructure. Sol-gel-derived glass monoliths with similar specific 
surface area but different nanopore sizes were selected in order to exclude the surface 
area effect on HA/CHA formation. Due to pore-size limited diffusion of PO43-, two 
HA/CHA formation pathways were observed: HA/CHA surface deposition and/or 
HA/CHA incorporation into nanopores. HA/CHA growth rate measured by the thickness 
of HA/CHA layer formed on the surface of a nanoporous glass monolith is dominated by 
the pore-size limited transport of Ca2+ ions dissolved from nanoporous glass substrates. 
Furthermore, with rising overall growth rate controlled by nanopore size, HA/CHA 
microstructures evolved from needle-like, plate-like, and flower-like, respectively.  
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Chapter 6 - In vitro evaluation of MC3T3-E1 pre-
osteoblast response and characterization of protein 
adsorption on different hydroxyapatite microstructures 
 
6.1 Introduction 
 
In the past few decades, synthetic hydroxyapatite (HA) had been widely perceived as 
the most biocompatible material for implants and bone augmentation procedures, due to 
its close structural and chemical resemblance to natural bones [1]. The biological 
performance of synthetic HA has been shown to be influenced by its properties such as 
surface chemistry, surface topography, and crystallinity. For instance, increasing Ca/P 
ratio and % porosity in sintered HA disks were shown to induce higher proliferation of 
human osteosarcoma cells with minimal effects on alkaline phosphatase activity, an 
indicator for cell differentiation [2, 3]. Moreover, a higher growth of rat calvarial cells 
was associated with highly crystalline HA compared to HA with low crystallinity [4].  
In recent years, bioactive glasses, such as Bioglass® invented by Hench [5], have 
been introduced as a superior candidate for hard tissue regeneration. The bioactivity of 
bioactive glasses originates from the ability to form HA under physiological solution 
which promotes the recruitment of osteoblast cells form an extracellular matrix and 
minimization, creating strong bonding interface to natural bone tissues [6, 7]. Hench 
proposed a series of reactions that leads to formation of HA on the surface of melt-
quench 45S5 Bioglass® after immersion in physiological solution, i.e. simulated body 
fluid (SBF), as follows [8]:  
i. Rapid ion exchange reactions between glass network modifiers (Na+ and Ca2+) 
with H+ or H3O+ from SBF solution. This results in the formation of silanol (Si–
132 
 
OH) groups on the glass surface and higher pH due to consumption of H+ from 
the solution.  
ii. Dissolution of SiO2 network in the form of silicic acid (Si(OH)4) and the 
continued formation of Si–OH on the glass surface: 
Si–O–Si + H2O  Si–OH + HO–Si 
iii. Condensation and repolymerization of amophous SiO2 on Ca-depleted glass 
surface, creating amorphous SiO2-rich layer. 
iv. Formation of amorphous calcium phosphate (ACP) layer on SiO2-rich film 
through the migration of soluble Ca2+ and PO34- from the continued dissolution of 
glass and pre-existing ions from SBF solution.   
v. Formation of HA via further growth and crystallization of ACP layer. 
Bioactive glasses were shown to possess a superior osteoinductivity compared to 
synthetic HA [9]. The superior osteoinductivity of bioactive glasses come from the 
presence of the dissolution products (i.e. soluble silica and calcium ions) during HA 
formation which activates gene expression of pre-osteoblast cells to differentiate into 
mature bone cells, resulting high quality and quantity of newly formed bone tissues. 
However, little is known about the influence of the properties of newly formed HA on 
bioactive glasses on cellular response. While the properties of synthetic HA can be 
tailored through processing parameters such as pH and temperature, the microstructures 
and surface properties of HA layer formed on bioactive glasses are difficult to control due 
to a more complex HA formation process. Until recently, we have successfully fabricated 
sol-gel-derived 70S30C bioactive glass monoliths with similar specific area, but 
difference nanopore sizes. This allows us to control HA formation process and induces 
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various microstructures of HA formed on bioactive nanoporous glass monoliths as 
presented in Chapter 5. Here, we present the influence of HA microstructures on the 
initial attachment of MC3T3-E1 pre-osteoblast cells and protein adsorption. 
6.2 Materials and methods 
 
6.2.1 Fabrication of various HA microstructures 
 
Various microstructures of hydroxyapatite/carbonated-hydroxyapatite (HA/CHA) 
were prepared through PBS incubation of 70at% SiO2 – 30at% CaO (70S30C) 
nanoporous monoliths with different nanopore sizes yet similar specific surface area as 
described in Chapter 5.  After 3 days of PBS incubation at 37ºC, 5%CO2 – 95% air, and 
saturated humidity, long-needle (LN), plate-like (PL), flower-like (FW), and short-needle 
(SN) hydroxyapatite microstructures were obtained on 6-nm, 15-nm, 31-nm, and 44-nm 
samples with specific surface area of 36 ± 2 m2/g, respectively.  
6.2.2 In vitro evaluation of MC3T3-E1 pre-osteoblast initial attachment 
 
For the evaluation of biological response, MC3T3-E1 subclone 4 mouse pre-
osteoblast cells obtained from American Type Culture Collection (ATCC, CRL-2593), 
was chosen as a model to study initial cell attachment on various hydroxyapatite 
microstructures. MC3T3-E1 cells were maintained at standard culture conditions at 37ºC, 
5% CO2 – 95% air atmosphere, and saturated humidity in culture medium as follows: 
Alpha-modified Eagles Medium (α-MEM, Gibco/Invitrogen, Grand Island, NY, Cat. # 
A10490-01) was supplemented with 10 vol% fetal bovine serum (Atlanta Biologicals, 
Flowery Branch, GA, Cat. # S11150), 1 vol% penicillin/streptomycin (Corning, Corning, 
NY, Cat. # 30-001-C1), and 0.06 vol% L-glutamine (HyClone, Logan, UT, Cat. # 25-
005-C1).  MC3T3-E1 cells were subcultured upon confluency at 1:10 split ration. 
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Autoclave-sterilized HA/CHA samples with various microstructures were seeded with 
MC3T3-E1 cells at a density of 18,000 cell/cm2 inside 3.5-diameter polystyrene cell 
culture dishes (Corning, Corning, NY, Cat. # 353001) and further incubated in cell 
culture at standard culture conditions, as previously stated. After 2 hours of cell seeding, 
cells were fixed using 3.7 % formaldehyde followed by permeabilization with 0.2 % 
Triton X-100 for 15 minutes and blocking in1 % BSA/1 x PBS at room temperature for 1 
hour. For the preparation of immunofluorescence (IF) microscopy, cell-seeded samples 
were incubated in PBS solution containing DAPI (Molecular Probes, Eugene, OR, Cat. # 
D1306) at 1 µg/ml concentration for nuclei detection and Alexa488-phalloidin 
(Molecular Probes, Cat. # A-12379) at 1:100 dilution for actin detection at room 
temperature for 1 hour. For the characterization of cell density and morphology, cell-
seeded samples were imaged with a 10x objective (approximate imaging field = 1 mm2) 
using a Nikon Eclipse TE2000-E inverted fluorescence microscope. Cell density was 
determined on images with DAPI-stained cells by averaging number of nuclei per unit 
area.  Average cell size was obtained on images with Alexa488-phalloidin stained cells 
by outlining the periphery of individual cells and measuring the area covered by attached 
cells using ImageJ software. Ten images of both nuclei and actin were taken from each 
sample. In order to ensure the stringency of the statistical analysis, four individual 
samples for each sample type were processed for each experiment, and the experiments 
were repeated three times on separate occasions. For SEM imaging, cells seeded on 
nanoporous glass samples were fixed with glutaraldehyde followed by stepwise 
dehydration using various concentrations of ethanol [10]. After drying with 
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hexamethyldisilazane (HMDS), samples were coated with iridium in order to avoid 
charging and imaged under a Zeiss 1550 scanning electron microscope. 
6.2.3 Quantification of protein adsorption 
 
Western blot technique using 10% SDS-PAGE gel was employed to quantify the 
amount of fibronectin (Mw = ~220 kDa), vitronectin (Mw = ~75 kDa) and bovine serum 
albumin (BSA, Mw = ~66 kDa) adsorbed by various HA/CHA microstructure. HA/CHA 
samples with various microstructures were incubated at standard culture conditions at 37 
ºC, 5% CO2 – 95% air atmosphere, and saturated humidity for 2 hours in complete 
culture medium as follows: Alpha-modified Eagles Medium (α-MEM, Gibco/Invitrogen, 
Grand Island, NY, Cat. # A10490-01) supplemented with 10 vol% fetal bovine serum 
(Atlanta Biologicals, Flowery Branch, GA, Cat. # S11150), 1 vol% 
penicillin/streptomycin (Corning, Corning, NY, Cat. # 30-001-C1), and 0.06 vol% L-
glutamine (HyClone, Logan, UT, Cat. # 25-005-C1). The amount of FN, VTN, and BSA 
adsorbed by various HA/CHA microstructures were quantified by determining the 
amount of proteins depleted from the culture medium after 2-hour incubation with 
HA/CHA. After 2-hour incubation with HA/CHA, the culture medium samples were 
collected and prepared by mixing in 1:1 ratio with SDS sample buffer, heat the mixture to 
95ºC and held there for 5 minutes. Gels were electrophoresed at 120 V for 90 minutes 
followed by transfer to nitrocellulose membranes for 90 minutes at 120 V on ice. After 
transfer, the membranes were blocked in 5 wt% fat-free dry milk solution prepared in 
TBST, Tris-buffered saline (TBS) with 1 vol% Tween-20, for 1 hour at room 
temperature, rinsed briefly with TBS to remove excess blocking solution, and probed 
with primary antibody overnight at 4 °C. The membranes were incubated with HRP-
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conjugated secondary antibody at room temperature for 1 hour. The proteins were 
detected using X-ray film and Enhanced Chemiluminescent (ECL) reagent, and the 
densitometry was performed using ImageJ software. The amount of proteins was 
calculated from a standard curve constructed by a series of known concentrations of the 
purified protein. The primary antibodies, secondary antibodies, and purified proteins for 
FN, VTN, and BSA used in the Western blot experiments are summarized in Table 6.1. 
In order to ensure the reliability of the data, the experiments were repeated three times 
with three different sets of samples on separate occasions. 
Table 6.1 Summary of primary antibodies, secondary antibodies, purified proteins used in 
Western blot for quantification of protein adsorption. 
 
Protein Primary antibody Secondary antibody Purified protein 
Fibronectin (FN) 
Mw = ~220 kDa  
 
Rabbit polyclonal 
(Sigma Aldrich, St. 
Louis, MO) 
Cat. #F3648  
1:2,000 dilution 
HRP-conjugated 
goat anti-rabbit 
(Life Technologies, 
Carlsbad, CA) 
Cat. #G21234 
1:5,000 dilution 
Fibronectin, bovine 
plasma-derived 
 (Sigma Aldrich, St. 
Louis, MO) 
Cat. #F4759  
Vitronectin (VTN) 
Mw = ~75 kDa 
 
Mouse monoclonal 
(ThermoFisher 
Scientific, 
Rockford, IL)  
Cat. #CSI0042702 
1:1,000 dilution 
HRP-conjugated 
goat anti-mouse 
(Invitrogen, 
Eugene, OR) 
Cat. #G21040 
1:5,000 dilution 
Vitronectin, bovine 
plasma-derived 
 (R&D Systems, 
Minneapolis, MN) 
Cat. #2348VN 
Bovine Serum 
Alblumin (BSA) 
Mw = ~66 kDa 
 
Rabbit polyclonal 
(Invitrogen, Eugene, 
OR) 
Cat. #A11133 
1:5,000 dilution 
HRP-conjugated 
goat anti-rabbit 
(Life Technologies, 
Carlsbad, CA) 
Cat. #G21234 
1:5,000 dilution 
Bovine albumin 
serum 
 (Sigma Aldrich, St. 
Louis, MO) 
Cat. #A7906 
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6.2.4 Conformation characterization of adsorbed BSA on various 
HA/CHA microstructures by ATR-FTIR 
 
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was 
performed in order to characterize the conformation of BSA on various HA/CHA 
microstructures. After 3-day PBS incubation, nanoporous samples with different 
HA/CHA microstructures were incubated with 10 mg/ml BSA solution under standard 
culture conditions i.e. at 37ºC, 5% CO2 – 95% air atmosphere, and saturated humidity for 
2 hours. The 10 mg/ml BSA solution was made by dissolving lyophilized BSA in PBS 
solution. After BSA incubation, samples were gently rinsed with PBS solution in order to 
remove the excess BSA from its surface followed by drying at 37ºC in ambient 
atmosphere. Lyophilized BSA, as-prepared HA/CHA samples (without BSA incubation), 
BSA-coated HA/CHA samples were characterized by ATR-FTIR spectroscopy using 
Bruker Vertex 70 spectrometer (Bruker Optics, Billerica, MA) equipped with a mercury 
cadmium telluride (MCT) detector and a MVP Pro single reflection diamond crystal ATR 
accessory (Harrick Scientific, Pleasantville, NY). Spectra were acquired in the mid-
infrared range of 650 cm-1 to 4000 cm-1 wavenumber by averaging 400 scans at 6 cm-1 
resolution and were reported in absorbance units. In order to characterize the 
conformation of BSA adsorbed on HA/CHA, the ATR-FTIR spectra of BSA-coated 
samples were subtracted by those without BSA incubation and then deconvoluted using 
Gaussian function. 
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6.3 Results 
 
6.3.1 Initial attachment of MC3T3-E1 on various HA/CHA 
microstructures 
 
MC3T3-E1 cells, widely used as a model for studying in vitro biological 
performance of biomaterials for hard tissue application [11, 12], were seeded onto 
various HA/CHA microstructures formed on 70S30C nanoporous glass monoliths with 
different nanopore sizes after 3-day PBS incubation. The four distinct HA/CHA 
microstructures were long needles (LN) formed on 6-nm monoliths, plates (PL) formed 
on 15-nm monoliths, flowers (FW) formed on 31-nm monoliths, and short needles (SN) 
formed on 44-nm monoliths, as shown in Fig. 6.1(a), Fig. 6.1(b), Fig. 6.1(c), and Fig. 
6.1(d), respectively.  
 
Figure 6.1 SEM micrographs of HA/CHA layer formed on nanoporous glass monoliths 
with (a) 6-nm (b) 15-nm, (c) 31-nm, and (d) 44-nm pore size and SSA of 36 m2/g, 
yielding long-needle (LN), plate-like (PL), flower-like (FW), and short-needle (SN), 
respectively (scale bar = 1 µm). 
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After 2 hours of cell seeding, attached cells were fixed and processed with DAPI for 
nuclei detection and Alexa488-labelled phalloidin for actin detection. The nuclei and 
actin of attached cells were visualized by immunofluorescence (IF) microscopy with a 
10x objective (approximate imaging area of 1 mm2). The IF images for cell nuclei 
attached on LN, PL, FW, and SN microstructures are shown in Fig. 6.2(a), Fig. 6.2(b), 
Fig. 6.2(c), and Fig. 6.2(d), respectively. In order to quantify initial cell attachment, 
nuclei were counted to determine the number of cells attached on each HA/CHA 
microstructure. The densities of attached cells on LN, PL, FW, and SN microstructures 
were 152 ± 32 cells/mm2, 282 ± 65 cells/mm2, 49 ± 14 cells/mm2, and 145 ± 33 
cells/mm2, respectively, as summarized in Fig. 6.2(e). Also, the IF images of actin on LN, 
PL, FW, and SN microstructures are depicted in Fig. 6.3(a), Fig. 6.3(b), Fig. 6.3(c), and 
Fig. 6.3(d), respectively. In order to determine the average size of attached cells, the total 
area covered by actin on various HA/CHA microstructures was measured then divided by 
the number of attached cells. The average size of attached cells on LN, PL, FW, and SN 
microstructures were 531 ± 115 µm2, 680 ± 159 µm2, 215 ± 66 µm2, and 518 ± 130 µm2, 
respectively, as summarized in Fig. 6.3(e). Based on the density and average size of 
attached cells after 2 hours, the most preferred HA/CHA microstructure of cells was 
plate-like (PL) microstructure with approximately six times more cells attached and three 
times larger in the average cell size compared to the least preferred microstructure 
observed on flower-like (FW) microstructure, while the needle-like microstructures, 
long-needle (LN) and short-needle (SN), show a highly comparable level of cell 
preference between the two extremes. 
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Figure 6.2 Nuclei of attached MC3T3-E1 cells after 2 hours: (a) IF images with a 10x 
objective of nuclei of attached cells on long-needle (LN) HA/CHA, plate-like (PL) 
HA/CHA, flower-like (FW) HA/CHA, and short-needle (SN) HA/CHA (scale bar = 
100µm), and (b) quantitative analyses of attached cells density on various HA/CHA 
microstructures by counting the number of cell nuclei per mm2. 
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Figure 6.3 Actin of attached MC3T3-E1 cells after 2 hours: (a) IF images with a 10x 
objective of actin of attached cells on long-needle (LN) HA/CHA, plate-like (PL) 
HA/CHA, flower-like (FW) HA/CHA, and short-needle (SN) HA/CHA (scale bar = 
100µm), and (b) quantitative analyses of the average size of attached cells on various 
HA/CHA microstructures by measuring the area covered by actin. 
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Additionally, scanning electron microscopy (SEM) was used in conjunction with IF 
microscopy to further investigate attached cells on various HA/CHA microstructures. In 
order to preserve its original morphology during SEM, attached cells were fixed via 
covalently cross-linking of proteins using glutaraldehyde followed by stepwise 
dehydration using various concentrations of ethanol [10]. SEM micrographs of attached 
cells on LN, PL, FW, and SN microstructures are shown in Fig. 6.4(a), Fig 6.4(b), Fig. 
6.4(c), and Fig. 6.4(d), respectively. For needle-like microstructures, the attached cells on 
long-needle (LN) and short-needle (SN) microstructures had laid down and were in the 
process of spreading on the HA/CHA needles, while those on flower-like (FW) 
microstructure were still in ball-like shape without any clear indication of cell spreading. 
On the other hand, the attached cells on plate-like (PL) microstructure had completely 
spread out and merged with HA/CHA plates. This visual investigation of level of initial 
cell attachment on various HA/CHA microstructures by SEM are in good agreement with 
the cell density and average cell size reported by IF technique.  
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Figure 6.4 SEM micrographs at low magnification (left column) and high magnification 
(right column) of attached MC3T3-E1 cells after 2 hours on HA/CHA with (a) long-
needle (LN) (b) plate-like (PL) (c) flower-like (FW) and (d) short-needle (SN) 
microstructures. 
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6.3.2 Quantification of protein adsorption by Western blot 
 
In this work, fibronectin, vitronectin, and bovine serum alblumin were chosen as 
models to study the protein adsorption on various HA/CHA microstructures. Fibronectin 
(Mw = 220 kDa) and vitronectin (Mw = 75 kDa), the glycoproteins found in both serum 
and extracellualar matrix (ECM), have been shown to play a vital role in faciliating cell 
attachment on biomaterials due to the presence of RGD sequence in its polypeptides [13]. 
Notwithstanding the absence of RGD sequence in its structure, BSA, a serum protein 
with Mw = 60 kDa,  makes up of 61% of all proteins present in the serum component of 
cell culture medium [14] and has the potential to be readily adsorbed by HA/CHA. It can 
play an indirect role in cell attachment [15, 16]. The quanlitative analyses of fibronectin, 
vitronectin, and BSA adsorbed by various HA/CHA microstructures were carried out by 
Western blot technique. The four distinct HA/CHA microstructures were long-needle 
(LN), plate-like (PL), flower-like (FW), and short-needle (SN), as shown again in Fig. 
6.1(a), Fig. 6.1(b), Fig. 6.1(c), and Fig. 6.1(d), respectively. In order to quantify the 
amount of the adsorbed proteins, the experiments were designed to quantify the amounts 
of proteins depleted from the culture medium after 2-hour incubation with HA/CHA. The 
densitometry of Western blots was carried out using ImageJ software, and the 
concentrations of proteins were calculated from standard curves constructed using known 
concentrations of purified proteins. 
The Western blots of the culture medium targeting fibronectin, vitronectin, and BSA 
after 2-hour incubation with HA/CHA are shown in Fig. 6.5 (a), Fig. 6.6 (a), and Fig 
6.7(a), respectively. In the initial medium,  2.70 ± 0.16 µg/ml of fibroectin, 31.9 ± 1.6 
µg/ml of vitronectin, and 2.76 ± 0.18 mg/ml of BSA were present. The concentrations of 
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fibronectin in the culture medium after 2-hour incubation with LN, PL, FW, and SN 
microstructures were 1.13 ± 0.09 µg/ml, 1.32 ± 0.09 µg/ml, 1.69 ± 0.14 µg/ml, and  
1.24 ± 0.11 µg/ml, respectively, as shown in Fig. 6.5(b). The concentrations of 
vitronectin in the culture medium after 2-hour incubation with LN, PL, FW, and SN 
microstructures were 26.6 ± 1.0 µg/ml, 27.6 ± 1.3 µg/ml, 29.9 ± 1.6 µg/ml, and26.8 ± 0.8 
µg/ml, respectively, as shown in Fig. 6.6(b).  The concentrations of BSA in the culture 
medium after 2-hour incubation with LN, PL, FW, and SN microstructures were 1.35 ± 
0.10 mg/ml, 1.49 ± 0.11 mg/ml, 1.80 ± 0.14 mg/ml, and1.40 ± 0.17 mg/ml, respectively, 
as shown in Fig. 6.7(b). Fibronectin, vitronectin, and BSA concentrations in culture after 
2-hour incubation with HA/CHA were noticealy lower that those found in the initial 
culture medium, suggesting that these protein readily were absorbed on all HA/CHA 
microstructures. The % adsorption was calculated through a normalization of the depleted 
amounts of proteins by those amounts present in the initial culture medium. The % 
adsorptions of fibronectin, vitronectin, and BSA by various HA/CHA microstures are 
summarized in Fig. 6.8. The protein adsorptions by various HA/CHA microstructure 
illustrate a similar trend for all three proteins, where the highest to lowest % adsorption of 
each protein were found on needle-like microstructure (long-needle, LN, and short-
needle, SN),  plate-like (PL) microstructure, and flower-like (FW) microstructure, 
respectively. In order to determine the level of correlation between cellular performance 
and protein adsorption, the density of attached MC3T3 presented in Section 6.3.1 is 
plotted as a function of the average % adsorption of fibronectin, vitronectin, and BSA, as 
shown in Fig. 6.9. The R2 value of the linear trendline for this plot is only 0.2946, 
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indicating that the initial cell attachment is not directly impacted by the adsorbed amount 
of fibronectin, vitronectin, or BSA. 
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Figure 6.5 Quantitative analysis of fibronectin in culture medium adsorbed after 2-hour 
incubation with various HA/CHA microstructures: (a) Western blot of fibronectin after 2-
hour incubation with various HA/CHA microstructures with a standard curve constructed 
by known concentrations of purified fibronectin (b) concentrations of fibronectin in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures.  
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Figure 6.6 Quantitative analysis of vitronectin in culture medium adsorbed after 2-hour 
incubation with various HA/CHA microstructures: (a) Western blot of vitronectin after 2-
hour incubation with various HA/CHA microstructures with a standard curve constructed 
by known concentrations of purified vitronectin (b) concentrations of vitronectin in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures. 
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Figure 6.7 Quantitative analysis of bovine serum albumin (BSA) in culture medium 
adsorbed after 2-hour incubation with various HA/CHA microstructures: (a) Western blot 
of BSA after 2-hour incubation with various HA/CHA microstructures with a standard 
curve constructed by known concentrations of purified BSA (b) concentrations of BSA in 
culture medium before and after 2-hour incubation with various HA/CHA 
microstructures.   
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Figure 6.8 Normalized % adsorption of fibronectin (blue), vitronectin (red), and BSA 
(green) in culture medium after 2-hour incubation with various HA/CHA microstructures. 
 
Figure 6.9 Density of attached MC3T3 versus average % adsorption of fibronectin, 
vitronectin, and BSA. 
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6.3.3 Characterization of BSA conformation on various HA/CHA 
microstructures by ATR-FTIR 
 
The characterization of protein conformation on various HA/CHA microstructures 
was carried out by attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectroscopy using bovine albumin serum (BSA) as a representative protein. It is one of 
the most abundant protein constituents present in the culture medium [17] and is 
therefore chosen as the model for the study of protein conformation on HA/CHA. The 
HA/CHA samples with various microstructures, as shown in Fig. 6.1, were incubated 
with 10 mg/ml BSA solution under standard culture conditions for 2 hours. The FTIR 
spectra of lyophilized BSA, as-prepared HA/CHA samples (without BSA incubation), 
and BSA-coated HA/CHA samples were acquired by ATR-FTIR spectroscopy using 
Bruker Vertex 70 spectrometer equipped with a single-reflection diamond ATR crystal. 
   The ATR-FTIR spectra of LN, PL, FW, and SN HA/CHA samples with and 
without BSA incubation are shown in Fig. 6.10(a), Fig. 6.11(a), Fig. 6.12(a), and Fig. 
6.13(a), respectively. For samples without BSA incubation, six characteristic absorbance 
peaks are observed on all HA/CHA microstructures at: 3289 ± 15 cm-1, 1637 ± 5 cm-1, 
1463 ± 5 cm-1, 1418 ± 5 cm-1, 1008 ± 7 cm-1, and 869 ± 4 cm-1. The absorbance peaks at 
3289 cm-1 and 1637 cm-1 are attributed to the stretching vibration and the bending 
vibration of OH groups, respectively, which are due to the presence of HA/CHA and 
adsorbed water residues [18, 19]. The absorbance peak at 1016 cm-1 corresponds to the 
antisymmetric stretching vibration (ѵ3) of PO43- molecules in HA/CHA and NaH2PO4 
[20]. The peaks at 1463 cm-1 and 1418 cm-1 are attributed to asymmetric stretching 
vibration (ѵ3) of CO32-, while the peak at 869 cm-1 is attributed to the bending vibration 
(ѵ2) of CO3-2 [21]. On the other hand, ATR-FTIR spectra of BSA-coated HA/CHA 
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samples for all microstructures show a set of enhanced peaks at 3277 ± 5 cm-1, 1648 ± 3 
cm-1, and 1530 ± 4 cm-1 compared to the spectra of samples without BSA incubation. 
These enhanced peaks are due to the presence of BSA which possesses the characteristic 
absorbance peaks at 3290 cm-1, 1644 cm-1, and 1521 cm-1 (see Fig. 6.14(a)). The 
characteristic peak at 3290 cm-1 is associated with the stretching vibration of NH groups, 
while those at 1644 cm-1 and 1521 cm-1 are attributed to Amide I vibration and Amide II 
vibration, respectively [22, 23]. Amide I vibration, absorbing infrared in the 1600-1700 
cm-1 frequency range, arises predominantly from the stretching vibrations of C=O and 
CN groups which link the polypeptides within the protein backbone structure [24, 25]. 
The frequencies in Amide I region are highly sensitive to the protein secondary structure. 
On the other hand, Amide II vibration, absorbing infrared in the 1510-1590 cm-1 
frequency range, originates mainly from the in-plane vibration of NH groups, resulting in 
less sensitivity to the protein secondary structure compared to its Amide I counterpart 
[24]. Therefore, in this dissertation, the characterization of protein conformation will 
exclusively focus on the detailed analyses of ATR-FTIR spectra in the Amide I region.  
In order to characterize the conformation of BSA adsorbed on HA/CHA, the ATR-
FTIR spectra of BSA-coated samples were subtracted by those without BSA incubation 
and were then deconvoluted using Gaussian function. It is worth noting that, in order to 
maintain a consistent baseline correction of subtracted spectra, Amide II vibrations were 
included in the deconvolution, but were not applied in the analysis of protein 
conformation due to their poor sensitivity as previously mentioned [24]. The 
deconvoluted spectra of Amide I and Amide II of adsorbed BSA on HA/CHA samples 
with LN, PL, FW, and SN microstructures and lyophilized BSA are shown in Fig. 
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6.10(b), Fig. 6.11(b), Fig. 6.12(b), Fig. 6.13(b), and Fig. 6.14(b), respectively. The 
structural motifs representing β-turn, α-helix, and β-sheet structures in Amide I found in 
lyophilized BSA and adsorbed BSA are in agreement with the values reported in the 
literature [25, 26, 27, 28]. Briefly, in the Amide I, the components found in 1690-1670 
cm-1 were assigned to β-turn structure, the ones found in 1660-1650 cm-1 were assigned 
to α-helix structure, and the ones found in 1640-1620 cm-1 were assigned to β-sheet 
structure. The % relative areas of β-turn, α-helix, and β-sheet structures in Amide I of 
lyophilized BSA and adsorbed BSA on various HA/CHA microstructures are 
summarized in Fig. 6.15. The β-turn relative contents of adsorbed BSA on HA/CHA 
were comparable for all HA/CHA microstructures, and there were no significant changes 
in the β-turn relative contents compared to lyophilized BSA. On the other hand, in 
comparisons to lyophilized BSA, a decrease in α-helix relative contents and an increase 
in β-sheet relative contents were observed for adsorbed BSA on HA/CHA with LN, PL, 
and SN microstructures. This implies that BSA was less folded after being absorbed on 
LN, PL, and SN microstructures due to a conversion from a rigid helical structure to an 
extended sheet structure [29, 30, 31]. In contrast, higher α-helix content and lower β-
sheet content compared to lyophilized BSA were observed on absorbed BSA on 
HA/CHA with FW microstructure, indicating that BSA became more folded after being 
absorbed on FW microstructure [29, 31]. Furthermore, the β-sheet/α-helix ratio, a 
measure for degree of BSA unfolding [30], of adsorbed BSA on each HA/CHA 
microstructure was calculated. Its value for LN, PL, FW, and SN microstructures is 1.52, 
3.11, 0.55, and 2.07, respectively. The highest to lowest degree of BSA unfolding were 
found on HA/CHA with PL, SN, LN, and FW microstructures, respectively. In order to 
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determine the level of correlation between cellular performance and conformatio n of 
adsorbed BSA, the density of attached MC3T3 presented in Section 6.3.1 is plotted as a 
function of β-sheet/α-helix ratio of adsorbed BSA, as shown in Fig. 6.16. The R2 value of 
the linear trendline for this plot is 0.9357, which clearly shows a positively correlation of 
BSA conformation with the level of initial MC3T3-E1 attachment. 
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Figure 6.10 (a) ATR-FTIR spectra of long-needle (LN) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. 
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Figure 6.11 (a) ATR-FTIR spectra of plate-like (PL) HA/CHA with and without 2-hour 
incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA with 
BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. 
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Figure 6.12 (a) ATR-FTIR spectra of flower-like (FW) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. 
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Figure 6.13 (a) ATR-FTIR spectra of short-needle (SN) HA/CHA with and without 2-
hour incubation with 10 mg/ml BSA (b) deconvolution of subtracted spectrum (HA/CHA 
with BSA subtracted by HA/CHA without BSA) in Amide I and Amide II region. 
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Figure 6.14 (a) ATR-FTIR spectra of lyophilized BSA (b) deconvolution of  
lyophilized BSA in Amide I and Amide II region. 
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Figure 6.15 Relative area (%) of β-turn, α-helix, and β-sheet structure in Amide I region 
of lyophilized BSA and adsorbed BSA on HA/CHA with long-needle (LN), plate-like 
(PL), flower-like (FW), and short-needle (SN) microstructures. 
 
 
 
Figure 6.16 Density of attached MC3T3 versus β-sheet/α-helix ratio of adsorbed BSA. 
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6.4 Discussion 
 
Hydroxyapatite/carbonated-hydroxyapatite (HA/CHA) with long-needle (LN), plate-
like (PL), flower-like (FW), and short-needle (SN)microstructures, as shown in Fig. 
6.1(a), Fig. 6.1(b), Fig. 6.1(c), and Fig. 6.1(d), respectively, were successfully fabricated 
using 70S30C nanoporous glass monoliths with different nanopore sizes, but similar in 
specific surface area. MC3T3-E1 pre-osteoblast cells were used as a model to 
characterize biological response on various HA/CHA microstructures. Based on the 
density and average size of attached cells, the most preferred HA/CHA microstructure of 
cells was plate-like (PL), and the least preferred microstructure was flower-like (FW), 
whereas the needle-like microstructures, long-needle (LN) and short-needle (SN), show a 
comparable level of cell preference between the two extremes. From this empirical 
observation, one may directly connect the differences in cellular response to the 
topographical variations of HA/CHA microstructures. However, in reality, as 
physiological solution comes into contact with the surface of biomaterials, proteins from 
the solution are spontaneously adsorbed onto the biomaterial surface, long before cells’ 
attachment, proliferation, or differentiation occur [32]. Thus, cells do not interact directly 
with the surface of the substrate, but rather with the adsorbed protein layer on to the 
surfaces of biomaterials [33 ,34]. In other words, although the properties of the 
underlying substrate may not directly impact the biological response of cells, they can do 
so indirectly through the adsorbed protein layer, which ultimately guides the cellular 
behavior on biomaterials [35, 36, 37]. Therefore, in order to explain the differences in 
initial cell attachment on various HA/CHA microstructures, one must understand how the 
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amount and conformation of adsorbed proteins are affected by various HA/CHA 
microstructures.   
The presence of fibronectin and vitronectin, the ECM proteins containing RGD 
sequence, in culture medium have been previously shown to play a vital role in 
facilitating the cell attachment to biomaterials [13]. Despite the absence of RGD 
sequence in its structure, BSA is the most abundant proteins present in the serum 
component of cell culture medium [14]  and has the potential to be readily absorbed and 
can play an indirect role in cell attachment [15, 16]. Our results show that the adsorptions 
of fibronectin, vitronectin, and BSA on various HA/CHA microstrucutres have a paralle 
trend in regard to their relative values for the four types fo microstructure: the highest to 
lowest % adsorptions are in the order of needle-like microstructure (long-needle, LN, and 
short-needle, SN) > plate-like (PL) microstructure > flower-like (FW) microstructure, 
respectively. The differences in % proteins adsorption among HA/CHA microstructures 
are thought to be caused by the discrepancies of net surface charge of various HA/CHA 
microstructures. We discuss this possibility next. 
HA/CHA belongs to a hexgonal crystal structure which possesses two major types of 
crystal planes: a plane and c plane, as illustrated in Fig. 6.17 [38]. The a plane, rich in 
Ca2+ sites, is positively charged, whereas the c plane, rich in PO43- and OH- sites, is 
negatively charged. Hence, HA/CHA with needle-like (long-needle, LN, and short-
needle, SN) microtructures with a relatively larger area ratio of a-plane/c-plane exhibits 
more positively charged surface compared to plate-like (PL) and flower-like 
microstructures. Similarly, HA/CHA with plate-like microstrucutre would exhibit more 
positlvey charged surface compared to flower-like microstructure due to a relatively 
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larger area ratio of a-plane/c-plane. This variation in net surface charge of different 
HA/CHA microstructures is also supported by Zhuang and Aizawa, who observed a more 
positive surface zeta potential of rod-shaped HA, exhibiting dominant presence of a 
plane, compared to that of plate-shaped HA, exhibiting dominant presence of  
c plane [39]. In brief, the most to the least positively charged HA/CHA microstrucutres 
are in the order of needle-like (LN and SN), plate-like (PL), and flower-like (FW), 
respectively. Becasuse fibronectin, vitronectin, and BSA are all acidic proteins with 
isoelectice points of 5.9, 5.7, and 4.7, respectively [40, 41, 42], in culture medium pH 7.4, 
these acidic proteins have a net negative charge and likely to be adsorbed more on the 
surface that is more positively charged due to electrostatic attraction. Hence, the highest 
to lowest absorptions of these three proteins on HA/CHA are in the order of needle-like > 
plate-like > flower-like microstructures, respectively, which is in good agreement with 
our experimental results of protein adsorption. The influence of surface charge on protein 
adsorptin due to electrostatic interaction is also observed by Zhuang and Aizawa who 
reported that BSA, an acidic protein, absorbed more on rod-shaped HA compared to 
plate-shaped HA, while the opposite effect was observed for lysozyme, a basic protein, 
due to a more positive zeta potential of rod-shaped HA compared to that of plate-shaped 
HA [39]. However, the adsorbed amounts of fibronectin, vitronectin, and BSA does not 
correlate with the level of initial cell attachment observed on various HA/CHA 
microstructures, indicating that the initial cell attachment is not governed by the amounts 
of fibronectin, vitronectin, or BSA adsorbed on the HA/CHA layer. This lack of 
correlation is consistent with  other studies such as by Budd et al.[43] and Steele et al. 
[44], who found that, although the presences of fibronectin and vitronectin in the culture 
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medium are necessary for cell attachment, the cell attachment only requires a certain 
minimum concentration of each protein, and any extra amount beyond the required 
concentrations is not accompanied with increased cell attachment and/or cell spreading.   
 
Figure 6.17 Schematic illustration of hydroxyapatite (HA) crystal structure consisting of 
positively charged a plane and negatively charge c plane. The blue, white, red and yellow 
spheres are Ca, P, O, and OH, respectively (from ref. [38]). 
Though BSA, a non-adhesion protein without RGD sequence, is not believed to play 
a direct role in facilitating cell attachment, our ATR-FTIR results demonstrate a positive 
correlation between β-sheet contents of adsorbed BSA and the level of MC3T3-E1 
attachment on various HA/CHA microstructures. The degree of protein unfolding may be 
quantified by the β-sheet/α-helix ratios, since β sheets represent an extended structure 
while α helices correspond to the rigid helical structure of BSA [30]. As the β-sheet/α-
helix ratio increases, the density and average size of attached cells increase, suggesting 
that the unfolding of BSA upon adsorption enhances initial cell attachment. This might be 
because the β-sheet structure in BSA interacts with and triggers the ‘active’ conformation 
of RGD-containing, adhesion proteins upon adsorption. This phenomenon is also 
observed by Koblinski et al. who found that non-adhesive proteins, like BSA, interact 
with fibronectin at low concentration during the adsorption process and activate the RGD 
sequence, resulting in enhanced cell attachment [45]. However, it is unclear how 
HA/CHA microstructures influence the conformation of adsorbed BSA. Since the Ca2+ 
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and PO43- ions are believed to be the protein-binding sites on HA/CHA surfaces, 
providing a major driving force for protein adsorption [46], a possible explanation might 
be that the variations in the Ca2+/PO43- ratios can attract different functional groups BSA 
polypeptides, leading to different conformations of adsorbed BSA on different HA/CHA 
microstructures.  
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6.5 Conclusions 
 
Various HA/CHA microstructures were fabricated through PBS-incubation of sol-
gel-derived nanoporous monoliths with different nanopore sizes. The four distinct 
HA/CHA microstructures are long needles (LN), plates (PL), flowers (FW), and short 
needles (SN). The levels of initial cell attachment on different HA/CHA microstructures 
was measured by the density and average size of attached MC3T3-E1 cells after 2-hour 
seeding period. The highest to lowest level of initial cell attachment were observed on 
PL, needle-like (LN and SN), and flower-like, respectively. Different adsorbed amounts 
of proteins in culture medium are also observed where, the highest to lowest adsorptions 
of fibronectin, vitronectin, and BSA are found on needle-like (LN and SN), PL, and SN, 
respectively.  
The influence of HA/CHA microstructures on protein adsorption is related to the 
electrostatic interaction between the proteins and the surface of HA/CHA. Whereas the 
amounts of fibronectin, vitronectin, and BSA adsorptions on various HA/CHA 
microstructures do not correlate, the β-sheet/α-helix ratios in Amide I of BSA adsorbed 
on HA/CHA microstructures do correlate to the level of initial cell attachment. This result 
suggests that the β-sheet structure in BSA interacts with and activates the RGD sequence 
of adhesion proteins, such as fibronectin, upon adsorption, thus significantly enhancing 
the initial attachment of MC3T3-E1 cells. These findings provide new insights that can 
lead to a more detailed fundamental understanding of protein-surface and protein-protein 
interactions, which are crucial for the further development of bioactive materials. 
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Chapter 7 - Summary and future directions 
 
7.1 Summary 
 
A fabrication method for a monolithic, homogenous bioactive glass with precise 
control over nanopore size and specific surface area was successfully developed via sol-
gel process. By controlling the aging conditions (pH and temperature) and sintering 
temperature, nanoporous glass monoliths with different nanopore sizes, yet similar 
specific surface area, were achieved. The mono-modal pore size was successfully 
increased to 44 nm by utilizing high pH and hydrothermal aging process. Since specific 
surface area of samples with relatively small pore size is larger compared to those of 
samples with larger pore size, to obtain similar specific surface area, samples with 
smaller pore size were subjected to temperature-dependent sintering process, which 
reduces the specific surface area by closing nanopores through densification. The final 
samples yielded four nanopore sizes: 6 nm, 15 nm, 31 nm, and 44 nm, all with 
comparable specific surface area of ~36 m2/g. All final samples were shown to be crack-
free, chemically homogeneous, fully amorphous, and comprised of only nanoporosity.  
This nanoporous platform of different nanopore sizes with similar surface area was 
exploited in this work to study the role of nanopore size on the formation of 
hydroxyapatite (HA) and biological responses including initial pre-osteoblast attachment 
and protein adsorption, of which results are summarized in Table 7.1 at the end of this 
section.  
The influence of nanopore size on HA formation pathway, growth rate, and its 
microstructure was investigated. After 3-day PBS incubation of 70S30C nanoporous 
glass monoliths, the presence of hydroxyapatite and Type-B carbonated hydroxyapatite 
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(HA/B-CHA) was confirmed by XPS and FTIR. Due to pore-size limited diffusion of 
PO43-, two HA/CHA formation pathways were observed: HA/CHA surface deposition 
and/or HA/CHA incorporation into nanopores. On the other hand, HA/CHA growth rate 
measured by the thickness of HA/CHA layer formed on the surface of a nanoporous glass 
monolith is dominated by the pore-size limited transport of Ca2+ ions dissolved from 
nanoporous glass substrates. Furthermore, with rising overall growth rate controlled by 
nanopore size, HA/CHA microstructures formed on the surface of nanoporous monoliths 
evolved from needle-like (long-needle, LN, and short-needle, SN), plate-like (PL), and 
flower-like(FW), respectively.  
 The levels of initial cell attachment on different HA/CHA microstructures were 
quantified by measuring the density and average size of attached MC3T3-E1 cells after 2-
hour seeding period. The highest to lowest level of initial cell attachment were observed 
on PL, needle-like (LN and SN), and flower-like, respectively. Different adsorbed 
amounts of proteins in culture medium are also observed where, the highest to lowest 
adsorptions of fibronectin, vitronectin, and BSA are found on needle-like (LN and SN), 
PL, and SN, respectively. The influence of HA/CHA microstructures on protein 
adsorption is related to the electrostatic interaction between the proteins and the surface 
of HA/CHA. Whereas the amounts of fibronectin, vitronectin, and BSA adsorptions on 
various HA/CHA microstructures do not correlate, the β-sheet/α-helix ratios in Amide I 
of BSA adsorbed on HA/CHA microstructures do correlate to the level of initial cell 
attachment. This result suggests that the β-sheet structure in BSA interacts with and 
activates the RGD sequence of adhesion proteins, such as fibronectin, upon adsorption, 
thus significantly enhancing the initial attachment of MC3T3-E1 cells. These findings 
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provide new insights that can lead to a more detailed fundamental understanding of 
protein-surface and protein-protein interactions, which are crucial for the further 
development of bioactive materials. 
Table 7.1 Overall summary of results presenting the influence of nanopore size on the 
HA formation, initial MC3T3 attachment, protein adsorption, and protein conformation. 
 
 Nanopore size  
(SSA = ~36 m2/g) 
6 nm 15 nm 31 nm 44 nm 
 HA formation 
HA formation pathway 
HA surface 
deposition 
HA surface 
deposition 
HA surface 
deposition 
HA surface 
deposition 
 +  
HA 
incorporation 
Overall HA growth rate 
(µm/day) 
0.5 ± 0.1 0.7 ± 0.2 0.9 ± 0.2 0.2 ± 0.1 
HA microstructure 
Long 
needles 
Plates Flowers 
Short  
needles 
 Biological response 
Density of attached MC3T3 
(cells/mm2) 
152 ± 32 282 ± 65 49 ± 14 145 ± 33 
Average size of attached 
MC3T3 (µm2) 
531 ± 115 680 ± 159 215 ± 66 518 ± 130 
Normalized % 
protein 
adsorption 
Fibronectin 58.4 ± 3.4 51.2 ± 3.3 37.4 ± 5.3 54.3 ± 4.0 
Vitronectin 16.5 ± 1.7 13.4 ± 1.4 6.4 ± 1.5 16.0 ± 2.2 
BSA 51.0 ± 2.7 46.1 ± 3.2 34.7 ± 4.0 49.4 ± 4.7 
β-sheet/α-helix ratio in 
Amide I of adsorbed BSA 
1.52 3.11 0.55 2.07 
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7.2 Future directions 
 
Based on the study described here, we have established a correlation of HA/CHA 
surface properties with the protein adsorption, protein conformation, and the initial 
MC3T3-E1 attachment. However, there remain follow-up questions that are yet to be 
answered. The following are critical topics that can be extended from this dissertation as 
follows: 
1. Protein-protein interaction – In this work, we have shown that BSA, a non-
adhesion protein without RGD sequence, plays an indirect role in enhancing 
initial cell attachment. We hypothesized that the conformation of BSA affects the 
conformation of adhesion proteins, fibronectin and vitronectin. Due to the 
limitation of FTIR to distinguish and identify different types of proteins, it is 
almost impossible to study the effect of different proteins in multicomponent 
system, such as complete FBS-based culture medium which contain numerous 
proteins. Alternatively, one can design an in vitro study in a two-protein system 
where the effect of the adsorption and conformation of each protein on initial cell 
attachment can be efficiently and accurately deduced. This will provide a deeper 
insight on how non-adhesion proteins affect the conformation of adhesion 
proteins upon adsorption on various HA/CHA microstructure, which will help us 
further develop and optimize biological performance of our materials.  
2. Influence of nanopore size on cell differentiation – Previous studies have shown 
that the dissolution products (soluble silica and calcium ions) from bioactive 
glasses promote the differentiation of pre-osteoblast cells, leading to 
mineralization and formation of new bone tissues. Since we have shown the 
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dissolution rate and transport of calcium ions are dominated by nanopore size, it is 
likely that dissolution behavior of silica, crucial factor in cell differentiation, 
might also be affected by nanopore size. Also, it is possible that high level of 
initial cell attachment may not translate into high level of cell differentiation. 
Therefore, in order to optimize our materials for hard tissue application, the 
influence of nanopore size on cell differentiation must be explored. 
3. Influence of nanoporosity on scaffold degradability – One of the main design 
criteria of bioactive scaffolds for hard tissue regeneration is to be safely resorbed 
by human body at a rate that match tissue ingrowth. Since our fabrication method 
allows us to have precise control over both nanopore size and specific surface 
area while maintaining its nominal composition, our nanoporous platform can be 
employed to study the influence of these two parameters on the degradability of 
bioactive scaffolds. This will ultimately help us tailor our materials to fit the 
specific needs of individual patients without sacrificing its biological functions.  
4. In vivo studies in animals – While in vitro studies have been traditionally utilized 
as a proof-of-concept step for developing new biomaterials due to its cost 
effectiveness and accessibility, the in vivo evaluation of biomaterials, though 
requiring tremendous amount of time and resources, is a necessary, prerequisite 
step in FDA approval process for human use. Since the correlation between the in 
vitro and in vivo performances is not fully established, it is only logical that we 
carry out the in vivo evaluation of our materials in parallel with our in vitro 
studies. This will not only save time, but will also help us justify whether the in 
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vitro performance of our materials can be translated in a more realistic setting 
before moving on to human trial.   
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